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membranes remain 4Ltached. The lipid and protein composition of the T-tubule
vesicles differ greatly from t-at of the sarcoplasmic reticulum membrane.

-The T-tubule membrane is highly enriched in-certain proteins which have a
molecular weight of 220,000, 140,000, 70,000, 32,000 and 28,000. The sarco-
plasmic reticulum vesicles derived from the terminal cisternae are enrichid
In n2 proteins with molecular wts of 320,000 and 350,000. The role that
these proteins may have in excitation-contraction coupling is not known.
More than 15% of the protein in the T-tubule membrane binds to wheat germ
agglutinin indicating a large proportion of glycoproteins while less than 1%
of sarcoplasmic reticulum membrane proteins bind to wheat germ agglutinin.-The-cholesterol-cQntent of T-tubule was IOX that of sarcoplasmic reticulum.

The permeability of the T-tubule membrane to monovalent and ddv'aecnt-ca±tbi-o0i s- -

was lower than that -of the sarcoplasmic reticulum. The permeability of the
T-tubule vesicles to K+ was higher than that of Na+ allowing of a resting
membrane potential by K gradients. The Ca2  permeability of T-tubule
vesicles was very low. The Ca-ATPase activity of the T-tubule Vesicle was
at least 100 fold lower that that- of the sarcoplasmic reticulum.- The T-
tubule membrane was unusually high in Mg-ATPase activity (10-20 umol/mg min).
The properties of the Mg-ATPase differed from those described for the Na,
K-ATPase, Ca,Mg-ATPase, myosin ATPase and the mitochondrial Fl ATPase.
The Hg-ATPase was inactivated by ATP. This inactivation was prevented by
cross-linking the membrane proteins with lectins, antibodies or chemical
cross linkers. This enzyme was not specific for the T-tubule but also found
In the plasma membrane of other cells. The sarcoplasmic reticulum membrane
contains a Ca 2 + channel which is activated by Ca 2 ÷ (Ca 2+-induced Ca 2+ release).
Activation of this channel requires ATP and KCI (or similar salt); is inhibited
n" Mg+ and rutherium red; and is greatly enhanced by halothane. The T-tubule
iaembrane contains a voltage-gated Ca 2+ channel which binds the Ca 2 channel
b.ocker nitrendipine. The Ca 2+ channel constitutes about 1% of the T-tubule
protein but its role in excitation-contraction coupling has yet to be clarified.
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Characterization of Transverse Tubule Vesicles Isolated From
Skeletal Muscle

Final Report 7/1/82--9/30/84

Introduction

Muscle contraction is initiated by the release of Ca from the sarcoplasmic
-... - ---- • roticulum-followi-ng-depolaritition of- the_ Ttubul e (transverse -tubule)- by ...

-the action potential which is generated at the neuromuscular Junction•.-

,The purpose of this research as originally stated was to

1. Isolate T-tubule vesicles from rat skeletal muscle,

2. Characterization of the protein, lipid, and carbohydrate content of
T-tubule vesicles)

3. Identify T-tubule specific proteins

4. Characterize the excitability of isolated T-tubule vesiclesy - /

5. Investigate the interaction between T-tubule vesicles with sarcoplasmic
reticulum vesicles.

The overall goal is to increase our understanding of the excitation-contraction
coupling process by isolating the membranes involved in the Ca release process
and study their functional and physical properties.'" This report covers the
results that have been obtained in our laboratory in the last two years.

Isolation of T-tubule Membrane

T-tubule membranes from rat skeletal muscle have been prepared by three methods.

Method 1. Triads (T-tubule and sarcoplasmic reticulum vesicle still attached)
are first isolated from the mitochondrial fraction using density gradient
centrifugation on sucrose and Percoll gradients. The T-tubule is then
separated from the terminal cisternae by French press treatment followed
by sucrose gradient centrifugation.

Method 2. T-tubule vesicles can also be prepared from the microsomal
fraction (I). The microsomes are fractionated by 2 successive sucrose
gradient centrifugations. The low density vesicles obtained at the 10-27%
sucrose interface of the second gradient have a high content of cholesterol,
Na+,K+--ATPase, glycoproteins, and nitrendipine-binding sites and therefore
are beleived to consist of T-tubule vesicles although there may also be
plasma membrane present. These T-tubule vesicles may be freed from the
terminal cisternae of the sarcoplasinic reticulum during the homogenizatton
of the muscle or nay consist of non-junctional T-tubule membrane.

Method 3. The last method used to prepare T-tubule membranes is similiar
to method 2 except the muscle is treated with .5 M LiBr, 50 mM Tris (pH
8.5) to remove the actin-myosin fibors. The yield of T-tuhule membrane

V•__ -
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obtained by this method was 10 times that of the other methods but the
vesicles were "leaky" after the LiBr treatment.

The protein composition of the T-tubule vesicles prepared by the 3
methods was similar with major proteins having molecular weights of
220 000, 140 000, 70 OCO, 32 000 and 28 000. Other proteins were
found enriched in one preparation but low in another. The signifi-
cance of this is not known.

ATPase activity of T-tubule Membrane (1)-........ ... ..

The Ca-ATPase mediates the transport of Ca and is the major protein found
in the sarcoplasmic reticulum membrane. The Ca-ATPase activity in the T-
tubule vesicle is at least 100 times less than that of the sarcoplasmic

reticulum. On the otherhand, the basal Mg-ATPase activity was very high
in the T-tubule membrane. This ATPase was found to have some very
interesting and unique properties. The rate of ATP hydrolysis by the
Mg2 +-ATPase was nonlinear but declined exponentially. The inactivation
of the Mg2 +-ATPase was dependent on the presence of ATP or its analogue
AMPPNP. Wheat germ agglutinin, concanavalin A, antiserum or cross-linking

reagents such as glutaraidehyde could prevent inactivation. Detergents
at low concentration accelerated the rate of inactivation but did not
significantly influence the initial rate of ATP hydrolysis. This data
indicate that the inactivation of the Mg2+-ATPase by ATP requires the
mobility of the membrane protein. Cross-linking the membrane proteins
with lectins, antiserum or glutaraldenyde blocks inactivation; increasing
the memberane fluidity with detergents increases the rate of inactivation.

The function of the Mg2+-ATPase is not known but an enzyme wilth similar

properties was found in brain, kidney, spleen, lung, heart, liver and
adipose tissue.

The T-tubule membrane was also enriched in Na,K-ATPase activity which
could not be detected in the sarcoplasmic reticulum membrane.

lo[n (Na, K, Ca) permeability of T-tubule vesicles

The regulation of ion fluxes across the T-tubule membrane is closely
related to the excitation-contraction coupling process. The T-tubule
membrane contains both voltage-gated Na4 and CaJ channe s and transport
syst.wms that maintain the Na+, K÷, and Ca2 + gradients across the membrane.
We aave measured the resting membrane potential of T-tubule vesicles
gext rated by K+ gradients using voltage sensitive optical probes. The
isol.ated Ttubule vesicle +ad a K÷ permeability that was at least 10
titi.es that of Na. The Ca permeability was very low (t 1/ 2 -15 min) despite
Lh. presence of the voltage gated Ca channel. Attempts to activate the
Ca channel by altering the membrane potential of with BayK 8644 was
unsuccessful. Inactivation of the Ca channel when removed from the cell
is a common observation. It is likely that some metabolite or factor
from the cell is required for activation.

$4
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Ca release from TriaJ junctions

Sarcoplasmic reticulum can be separated into several subfractions;
low-density sarcoplasmic reticulum vesicles, high density sarcoplasnic
reticulum vesicles and triad-junctions.

The low-density and high-density sarcoplasmic reticulum vesicles are
obtained by separating the microsomal fraction by sucrose gradient
centrifugation. The high density sarcoplasuic reticulum vesicles are
preaumb yderivedf thef trminal cisternaevhile-the-lov-detsi-ty

sarcoplasmic reticulum vesciles are believed to be derived from the
Sionjunctional sarcoplasmic reticulum. The triad Junctions are obtained
from 1000-15000 g fraction. The mitochondrial and myofibril contamination
is removed form the triad junctions by centrifugation on Percoll and

[.- sucrose gradients, Low concentrations of Haothane (.I-.5mi) induce the
release of Ca2+ from the high density sarcoplasmic reticulus vesicles and
the triad junction fractions but does not affect Ca2 + accumulation by the
low-density sarcoplasmic reticulum. Nor does this concentration of
Halothane induce the release of Ca2 + from liposomes prepared with lipids
extracted from heavy sarcoplasmic reticulum vesicles. Halothane-induced
Ca2+ release required ATP and was inhibited by Kg2+ (1-10 mM) and ruthenium
red (.5-2 PM). The data suggest that Ca2+ release is induced by Halothane
at specific sites on the sarcoplasmic reticulum membrane and that these
sites are probably in the terminal cisternae. This raises the possibility
the Halothane-induced CS2+ release occurs at the same site which releases
Ca2+ during excitation-contraction coupling. The mechanism by which I
Halothane initiates Ca2+ release from sarcoplesmic reticulum vesicles may
be the same mechanism by which Halothane induces malignant hyperthermia in
susceptible individuals. Malignant hyperthermia is beleived to be caused
by increased Ca2+release from the sarcoplasmic reticulum.

Ca2+ also induces the release of Ca2 + from the isolated triad (Ca 2+-inducedCs+release). This Ca2 activated Ca release has the same properties

as the Halothane-induced Ca2+ release. Indeed, the Halothane-induced
Ca2+ release required the presence of external Ca2+. Therefore, it
is likely that Ca2 +-induced Ca2 + release and the Halothane-induced
Ca release are mediated by the sawe system.

Other studies

Effect of Na3 VO4 and Membrane Potential on the Structure of Sacroplasmic
Reticulum Membrane(2)

Two-dimensional crystalline arrays of CaZ+-ATPase molecules devejop after
treatment of sarcoplasmic reticulum vesicles with Ns3 VO4 In a Ca +-free
medium. The influence of membrane potential upon the rate of crystallization
was studied by ion substitution using oxonol VI and 3,3'-diethyl-2,2'-
thiadicarbocyanine (Di-S-C 2 (5)) to monitor inside positive or inside
negative membrane potentials, respectively. Positive transmembraue
potential accelerates the rate of crystallization of Ca2 +-ATPase, while
negative potential disrupts preformed Ca2 +-ATPase crystals, suggesting an
influence of transmembrane potential upon the conformation of Ca2+-ATPase.
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Measurement of Ca2 + translocatiou by Arsenazo IllI loaded Sarcoplasuic
Reticulum Vesicles (3)

Release of Ca2 ÷ from the (Ca 2 ÷ + Mg2 +)-ATPase into the interior of intact
sarcoplaomic reticulum vesicles was measured using arseazo III, a

- metallochromtc indicator of Ca2+. Arsenzo III was placed inside the
sarcoplasmit reticulum vesicles by making the vesicles trausiently leaky
with an osmotic gradient in the presence of arsenazo III. External
arsseato III was then removed by centrifu ation. Addition of ATP to tne

.(Ca 2 +-+Mg2+)-ATPase-in-the-presence-of Ca14_causes__the- rapd phophorylation
of the enzyme at which time the bound Ca2÷ becomes inaccessible toexternal EGTA.- The-release of Ca2 + from-the- (Ca 2+-÷-lg 2+)-ATPase
to the interior of the vesicle measured with intravesiculat arsenato III
was much slower indicating that there is an occluded form of the Ca2+-binding
site which precedes the release of Ca2+ into the vesicle. The rate of
Ca2 + accumulation by sarcoplasmic reticulum vesicles is increased by
K+ (5-100mM) and ATP (50-1000 u H) but the initial rate of Ca + translocation
measured after the simultaneous addition of ATP and EGTA to vesicles
that were preincubated in Ca2 + was not influenced by these concentrations
of K+ and AT?.

References

1 Beeler, T., Gable K., and Keffer, J. (1983) Characterization of the
Membrane Bound 2g-+-34Pase of Rat Skeletal Muscle. 8iochem Biophys Acta
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Release of Ca2+ from the (Ca2 + + Mg 2 ).ATPase into the interior of intact sarcoplasmic reticulum vesicles
was measured using arsenazo Ill, a metallochromic indicator of Ca2 +. Arsenazo Ill was placed inside the
sarcoplasmic reticulum vesicles by making the vesicles transiently leaky with an osmotic gradient in the
presence of arsenazo Ill. External arsenazo Ill was then removed by centrifugation. Addition of ATP to the
(Ca2+ + Mg 2+)-ATPase in the presence of Ca 2+ causes the rapid phosphorylation of the enzyme at which
time the bound Ca2  becomes inaccessible to external EGTA. The release of Ca2 + from the (Ca2" +
Mg 2+)-ATPase to the interior of the vesicle measured with intravesicular arsenazo Ill was much slower
indicating that there is an occluded form of the Ca 2'-binding site which precedes the release of Ca2̀  into the
vesicle. The rate of Ca2 + accumulation by. sarcoplasmic reticulum vesicles is increased by K+ (5-100 mM)
and ATP (50-1000 RM) but the initial rate of Ca2 + translocation measured after the simultaneous addition
of ATP and EGTA to vesicles that were preincubated in Ca2+ was not influenced by these concentrations of
K + and ATP.

Introduction Following the binding of external Ca2  to the
high affinity Ca2U-binding sites on the (Ca2' +

Ca2  transport by sarcoplasmic reticulum Mg 2 ' )-ATPase (Step 1). the enzyme is rapidly
vesicles is mediated by the (Ca"2  + Mg 2 )- phosphorylated by ATP (Step 3). The phosphory-
ATPase. The generally accepted mechanism for lation presumably causes a conformational change
(Ca- + Mg2 ' )-ATPase is shown in Scheme I of the ATPase which alters both the affinity and
[1 41. orientation of the Ca2' binding sites (Step 4).

Ca 2 ' is then released into the lumen of the
2Cs '

2  
ATP ADP

sarcoplasmic reticulum (Step 5) and the phos-
E - m: cEATP a Ca2:E-P phoenzyme bond is hydrolyzed] (step 6).4t 14 Upon phosphorylation. the Ca2 ' bound to the

1 7 $ (Ca 2 + Mg 2 ' )-ATPase rapidly becomes inacces-
E, e.: P E . -P .(Ca,E.--P sible to external EGTA [5-8]. Addition of ADP

P1 Ho 2Ce * along with IiGTA causes the rapid release of Ca2 '
due to the reversal of Stcp 3 18- 101. l)upont

Ahhrcviaton; I:( TA. ethyleneglycol his( fl.ami noethvyl Iher)- denlonstrated that the release of (.2, by FGTA
,..teIracctiacid. + ADP) was much faster than (lie relase of Ca'
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from the phosphoenzynie be I'i A 4 X537A (a resuspended to a protein concentration of 16
(.t- " ionophore) I]. The former condition causes mg/ml, frozen in liquid nitrogen, and stored at
the reversal of Step 3 while the latter condition - 700C.
depends on the rate at which Ca2 ' is released Phosphotylttion of the (Ca .+ Mg2 ')-A TPaxe
from the (Ca" I + Mg- ' )-ATPase into the interior bY ATP. Ca- + transport was initiated in medium
of the sarcoplasmic reticulum vesicle and trans- containing 0.1 mM [y-'-PJATP (1 pCi/ml). At
located out of the vesicle by X537A. It is also various times the reaction was stopped by the
possible that X537A directly removes Ca ' bound addition of 5% trichloroacetic acid. 0.1 M
to the protein at a site not exposed to the aqueous KFI2PO4. 5% polyphosphate. The samples were

phase [11.121. centrifuged at 1000 x g for 20 min. The super-
We have developed a more direct method to natant was removed and the amount of 32PO.

measure the rate of Caz release from the (Ca 2 + + determined by the method described by De Meis
Mg-' )-ATPase into intact vesicles using the Ca 2  and Carvalho [15]. The pellets were washed three
indicator arsenazo III inside the vesicle. Our re- times by centrifugation using the trichloroacetic
suits indicate that the release of Ca2' into the acid solution. The final pellet was resuspended in
interior of the vesicle is relatively slow while the Lowry C reagent [16] and the amount of 32p ill the
removal of bound Ca ' from the external medium pellet was determined by measuring the Cerenkov
is quite rapid. Therefore the Ca2- must reside in radiation in a scintillation counter. The protein
an occluded form during much of the transport content in each sample was then assayed by the
cycle, method of Lowry et al. [161.

Methods and Materials Results

4.CaCI, and [y- 32P]ATP were purchased from Our procedure for preparing arsenazo Ill-loaded
New England Nuclear (Boston. MA). All other sarcoplasmic reticulum vesicles did not differ from
chemicals were obtained from Sigma (St. Louis. the standard way of isolating sarcoplasmic reticu-
MO). lure vesicles except that the vesicles obtained from

the sucrose gradient following centrifugation were
Methtids diluted into an arsenazo Ill-containing medium.

Preparation of arsenazo Ill-loaded sarcoplasmic The transient swelling of the sucrose-equilibrated
reticulhm vesicles. The microsomal fraction from vesicles following dilution in a hypotonic solution
rabbit skeletal muscle was prepared as previously made the membrane leaky [14] allowing arsenazo
described [13]. The microsome fraction contains Ill to enter the vesicles. Following equilibration of
mostly fragmented sarcoplasmic reticulum vesicles. the vesicles, the extravesicular arsenazo Ill was
This fraction was then placed on a 30-45% sucrose then removed by centrifugation. Neither the
gradient and centrifuged for 15 h at 40C at
100000 Xg. The low-density sarcoplasmic reticu-

C .010-lum vesicle fraction (32-34%) was removed from 0
the gradient and diluted 1 : 7 into 20 mM arsenazo
111/25 mM MgSO4 (pH 6.8). The osmotic imbal- 0 a ----------------

ance across the membrane of the vesicles causes .00s

them to swell [14] allowing the influx of arsenazo 5-450 500 550 600 650
III. The free arsenazo Ill was then removed by WAVELENGTH(tnm)

collecting the sarcoplasmic reticulum by centrifu- Fig. 1. Difference spectrum or arsenabo Itt-hoadcdarc'

gation (100000 X g for 30 min.) and resuspending lasmic reticulhm vesicles following Ca2' uptake. The .....
them in arsenlazo Ill-free medium (0.15 M potas- and reference euvettes contained 0.15 M pohl.a.ium gltlta.

tf( 'M histidine, 5 mM MMgS0 4 , 50 itM CaCI, and trsc;..
sium glutamate/10 mM histidine/5 mM MgSO 4/ Illl-hoaded sarcoplamic retictuluhm (0.4 mg/ml protein). lit

0.5 mM I-GTA/0.45 mM CaCI2 ). The centrifuga- spectrum was taken 1 rmin after the addition or o. I inM vril io

tion was repeated four times. The final pellet was the sample cuvette. 'emperature ý Iur ("
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IM)

Ca' -loading capacity ( 120 15SO nnmol Ca2 '/n1g0 EGTA

nor the ('as -dependent ATPase activity (0.5 O.K
p mlj i m) at 250 C wvas signiificantly altered

b\ thle arsenazo Ill loading procedure.
li-. I shows the difference spectrum11 of arsenazo 1<A M-

Ill-loaded v'esicles following the addition of' ATP
in the presence of Ca '.Under these conditionsAI-
thle vesicles accumulate Ca . The spectrum isAT
identical to the difference spectrum obtained when IEGTA ATPt

2.3 11M Ca2 'is added to thle sarcoplasmic reticu-
luni vesicles in the presence of the Ca2  iono- -
phiore. A23187. In the absence of free Ca12 

.ATTI
ATPt

did not alter the arsenazo Ill spectrum. Following L ET

Caz uptake by the sarcoplasmic reticulum11 ___Dp-
vesicles. removal of the free extravesicular Ca12 *by Fig. 3. E~ffect (if EGTA oin the abhsorhance change of arsenazo

EGIA did not have an immediate effect onl the IlIl-loaded sarcoplasmic reticulurn vesicles dluring Ca uptake.

arsenazo IIl spectrum. These experiments demon- The samples contain 0.1 M potassiumn glutamnate. 10 mM.\

strae tat asenzo II ws rspodingonl to histidine. 5 mMN MgSO 4 . 50 1tM ('aCI, and arsenazo Ill-loaded
stae htareao l asrsonigonyt sarcoplaismic reticulumn vesicles (0.4 mig/nil protein) at 10 C. At

intravesicular Ca '.the indicated timne. ATP (0.1 miM). EGTA (1IM) CaCI , (0.9
Thle use of intravesicular arsenazo Ill the inca- mMA) or ADP (I mM~) wats added, The absorhance change of

"sure the rate of Ca2 influx is demonstrated in arsena/o IlI at 660 nnm was monitored using 685 nmi as a

Fig. 2. Ca2 'influx at P*C was initiated by thle reference wavelength.

additionof 2.5 mM Ca2 ' or thle addition of ATP
to activate Ca2 '+ transport. The rate of passive, followed by a much slower one in which thle
Ca2 influx was dependent on the external Ca12 , absorhance change was less than 3 -10 51AA/ min.
concentration and was increased by the addition The addition of 10 tiM A23187 increased the rate
of A23187. At 2.5 mM Ca2 +. thle absorbance of Ca 2' influx 300-fold. The rate of Ca 2 ' influx in1
change of the intravesicular arsenazo Ill was not the presence of 2.5 mM CaCI2 and 2.5 jLM A23187
linear. About 17% of the Ca2 '-induced ab- was similar to the rate measured during active
sorbance change occurred relatively fast (first order Ca 2 ' transport at an external Ca 2 + concentration
rate constant = 0.23 s'). This initial phase was of 50 [LM.

As stated before, the removal of external Ca2

.010__ 7 by ECTA after Ca 2 'loading does not cause an

I00 ----------------- imn ' ediate change in the arsenazo Ill absorhance
ooa j (Fig. 3. trace A). But the addition of EGTA to the

06i' vesicles before ATP prevents Ca2 ' uptake and thle
Z corresponding absorbance change of arsenazo Ill

--- -- -- -- -- -- (Fig. 3. trace B).
o ~ - ----- When ATP and EGTA are added at the same

j ime, only the Ca 2 ' initially bound to the (Ca- +
0 0 i c 4 0 Mg 2 ' )-ATPase can be transported (Fig. 3. trace

Fig. 2. Ahsorhance change of arsenazo Ill-loaded sarcoplasmic 2 157222] Thsi eosrtdb h xei

potilssiurn glutamrate. 11) mM histidine (PIE 6.9). 5mM MgSO4. using 45Ca 2 ' as at tracer. When the arsenazo Ill-
50 ji'M ('aCI, and arsenazoIll-loaded v'esicles (0.4 mig/tI loaded vesicles were equilibrated with the ' 5CaI
protein). (a2 ' influx was% initiated hv the addition oif 2.5 mM cotinn solution, addition of ATP caused a
(aCI. (-. -). 2.5 mnM ('aO, and 2.5 It M A23197 ( .... ), 2.5
moIM ('a(l[. and It) ItM A231 87 (- - - I, or 0t.1 mM ATP~ rapid accumulation of about 4 nnliol Ca2 / tig

( . The absorhance change oif arsena/o Ill was mioni- protein which was followed by a much slower rate
tored at 66)) nin using 695 nm as% a reference wavelength, of Ca 2 1uptake (0.4 nnmol/s per rng). The steady-
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Fig. 4. Ca>, uptake by sarcoplasmic reticulum. The medium Fig. 5. Formation of the phosphorylated enzyme intermediate
contained 0.1 M potassium glutamate. 10 mM histidine (pH and the release of inorganic phosphate by the (Ca2> + Mg>: .-
6.8). 5.0 mM MgSO4 50 PM 45 CaCI, (I jiCi/ml), and either ATPase during Ca2. transport. The medium contained 0.1 M
arsenazo Ill-loaded sarcoplasmic reticulum vesicles (0.4 mg/ml potassium glutamate. 10 mM histidine (pH 6.8). 5 mM MgSO.
protein) (0.M0) or 0.1 mM ATP (0) at I0 C. Ca>" uptake was 0.1 mM [y- -PIATP (1 juCi/ml). and either 50 yM CaCI
initiated by the addition of either 0.1 mM ATP (0,0). 0.1 mNM (&.0.0) or 1.0 mM EGTA (0). Ca-2" transport was initiated b\
ATP+ 1 mM EGTA (0). or sarcoplasmic reticulum vesicles (0.4 the addition of sarcoplasmic reticulum vesicles (0.4 mg/ml)
mg/ml protein) (0) preincubated in potassium glutamate which were equilibrated in potassium glutamate solution con-
medium without "'Ca. To one of the samples (0), 1 mM EGTA taming 50o M CaCI,. To one sample. 1 mM EGTA was added
was added 1 s after the ATP addition. At various times, the to the medium 2 s after the reaction was initiated (z). All
samples were diluted 1 : 10 with 0.1 M potassium glutamate. 10 values represent the Ca> '-dependent E - P formation or
mM histidine (pH 6.8). 5 mM MgSO4 and I mM EGTA and Ca> -dependent release since the background obtained from
passed through Millipore HA filters. The filters were im- experiments in which the vesicles and media contained 1 mM
mediately washed with 2 ml of EGTA wash solution. After EGTA was subtacted from the data obtained when the medium
drying the filters, the amount of 4 1Ca2* bound to the filters and/or the vesicles contained Ca>.
was measured in a scintillation counter using a nonaqueous
counting solution.

parable to the rate at which the phosphoenzyme
intermediate decomposes (Fig. 5).

When 1 mM ADP was added along with ATP
state level of the phosphorylated intermediate of and EGTA. neither Ca=" translocation (Fig. 3.
these vesicles was about 2.5 nmol E-P/mg protein trace D) nor 45Ca"" uptake (data not shown)
(Fig. 5). Even when EGTA was added torether [9.10] was observed. Since ADP accelerates the
with ATP there was a rapid uptake of about 3 reversal of Step 3 of Scheme I it is likely that in
nmol Ca 2"/mg but no subsequent accumulation the presence of ADP the rate of Ca 2' release by
since the free Ca2+ was chelated by EGTA. When the reversal of steps 1-4 or steps 1-3 is much
Ca2 + transport was initiated by the simultaneous faster than Ca-" translocation (steps 3-5).
addition of ATP and 4"Ca' to vesicles equi- The (Ca ++ Mg 2")-ATPase is activated by K'
librated in the absence of 4"Ca, there was no burst 125-31] and high concentrations of ATP [32-351.
of 45Ca"+ uptake since only the unlabeled bound The initial rate of absorbance change of arsenazo
Ca2 + was carried by. the first turnover. The ap- Ill-loaded vesicles during Ca:' uptake at I0C
pearance of the bound Ca2 + in the interior of increased from 5.1 • 10-i AA/s in the presence of
sarcoplasmic reticulum vesicle following ATP 2 mM K' to 11 . 10- AA/s in the presence of
addition as detected by intravesicular arsenazo It1 100 mM K' (Fig. 6). Increasing the ATP con-
was much slower (first order rate 0.45 s- ) (Fig. centration from 50 pM to 1.0 mM increased the
3, trace C) than the rate at which it becomes initial rate of absorbance change from 9.5. 10 4
inaccessible to external EGTA. The rate of Ca 2 ' AA/s to 21 • 10-' AA/s (Fig. 7A). Since the K,,,
release into the interior of the vesicle was com- of the Ca-' -ATPase for ATP is about 3 pM [9].
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K.most of this increase in the uptake rate is attri-
buted to an activation of an intermediate step in

T the reaction cycle. When Ca-' transport was ini-
1A5m "002 tiated bv the simultaneous addition of ATP and

EGTA there was no effect of high concentrations
ESTA of ATP (0.1-1.0 mM) (Fig. 7B) or K' (Fig. 6) on
A l the appearance of Ca2- inside the vesicles. This

2 data suggests that K' and ATP activate an inter-
mediate reaction which follows the release of Ca-'
into the vesicle.

£ It was previously demonstrated that Ca 2 '
transport is activated by inside negative membrane

Fig. 6. Effect of K on the rate of Ca2
* translocation by potentials generated by K gradients in the pres-

sarcoplasmic reticulum. The medium contained 10 mM histi- ence of the K' ionophore valinomycin [36-38]. In
dine (pH 6.8). 5.0 mM MgSO4 . 50 .M CaCI 2 . arsenazo - order to measure the effect of K' gradients on the
loaded sarcoplasmic reticulum vesicles (0.4 mg/ml) and vary- 2  a
ing ratios of 0.2 M glycine and 0.1 M potassium glutamate. rate of Ca transport at I 'C. arsenazo Ill-loaded
Ca 2  uptake was initiated by the addition of 0.1 mM ATP vesicles equilibrated in potassium glutamate were
(left) or 0.1 mM ATP+ I mM EGTA (right). The absorbance diluted 50-fold into either glycine or potassium
change at 660 nrm was monitored in an Aminco DW-2 spectro- glutamate medium containing valinomycin. When
photometer in the dual wavelength mode using 685 nm as the Ca 2 * transport was initiated at the time of the
reference wavelength, dilution. the rate of Ca2' uptake in the glycine

and potassium glutamate solutions monitored by
both the absorbance change of the intravesicular

ATP+ ImM EGTA

.25 M "•%k-L

I 1o 4 .,, 5 pM.-__^,

50 pM FIN

1000 PM •
500 PM--.-V

1000 pM%.-,

a A=.002

Fig. 7. Effect of ATP on the initial rate of Ca 2 ' translocation into sarcoplasmic reticulum vesicles. The medium contained 0.1 M
potassium glutamate, 10 mM histidine (pH 6.8). 5 mM MgSO4 . 50 /M CaCI_. and arsenazo Ill-loaded sarcoplasmic vesicles (0.4
mg/ml). Ca2 

, transport was initiated by the addition of varying amounts of ATP with (Panel B) or without (Panel A) I mM EGTA.
The absorhance change of arsenazo III at 660 nm was monitored in an Aminco DW-2 spectrophotometer in the dual wavelength
mode using 695 nm as a reference wavelength. An increase in the asorbance at 660 nm is indicated by downward trace.
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arsenazo Ill (as in Fig. 6) or by the accumulation lar Ca2 concentration during Ca" accumulation.
of 45Ca2' (as in Fig. 5) was essentially the same. Using the same loading technique we were unable
Allowing the vesicles to equilibrate in the dilution to prepare vesicles with the Ca2 ' indicators,
medium before the initiation of Ca-+ transport murexide or antipyrylazo Ill, due to problems
gives the same results as shown in Fig. 6. Under with solubility of the probes and damage to the
these conditions (10 C) the activation of Ca-2 + vesicles.
transport by K+ is the same whether the K + is on The appearance of Ca-2 

4 within the vesicle upon
both sides of the membrane or just on the internal the initiation of Ca2' transport was much slower
side. At 15'C. the rate of Ca2-` accumulation of than its removal from the external medium. This
K4 -equilibrated vesicles was much greater in provides direct evidence for an occluded state dur-
glycine (+valinomycin) than in potassium gluta- ing C,-2 + uptake [8.24,47]. Ikemoto [48] measured
mate (+ valinomycin) medium [37]. the rate of Ca-' release from isolated (Ca;2, +

The rate of Ca->+ translocation measured by the Mg 2-)-ATPase following phosphorylation with 5
absorbance change of arsenazo Ili-loaded sarcop- pM ATP at 22'C. This preparation did not accu-
lasmic reticulum vesicles equilibrated in potassium mulate Ca>' due to the leakiness of the membrane
glutamate medium following a 50-fold dilution following Triton X-100 treatment. Ca-2 + release
into glycine medium containing ATP, EGTA and followed E-P formation with a lag time of 15 ins.
valinomycin did not significantly differ from that At this low ATP concentration, the maximum

observed after diluting into potassium glutamate phosphorylation level (0.1 mol E-P/mol ATPase)
medium containing ATP and EGTA. These ex- was reached within 150 ms after ATP addition
periments along with the one in Fig. 6 indi,:ate while the maximum level of Ca->4 release (0.24 mol
that the rate of the initial Ca 2 + translocatioi by Ca 2 +/mol ATPase) was reached after 250 ms. The
vesicle equilibrated in K' medium is the same in work presented here confirms that with intact

glycine medium as that in potassium glutamate vesicles. there is a lag time between phosphoryla-
even when a K' gradient (and therefore a mene- tion ard Ca-2+ release from the (Ca-' + Mg')
brane potential [37-39]) is present. ATPase.

Although the rate of Ca>+ transport is in-
Discussion creased by K + (10-100 mM) and by ATP(50-1000

pM). the initial rate of Ca2 + translocation was not
A technique was developed to prepare sarcop- influenced by K + or high ATP concentrations.

lasmic reticulum vesicles loaded with arsenazo 1II. The most likely explanation is that K4 and ATP
Other optical probes such as chlortetracycline activates an intermediate reaction which follows
[40,411 and 8-anilino-1-naphthalenesulfonate the release of Ca>- from the (Ca> + Mg2'
[12,42-44] can measure internal Ca2 + but they ATPase into the interior of the vesicle.
lack specificity and have slow response times. The
response time of arsenazo Ill is quite rapid (Ca2+ Acknowledgements
on an off time = 2-5 ms) [45,46] and the change in
the absorbance spectrum of arsenazo Ill due to This work was supported by research grants
Ca2" is very different than that caused by changes from the National Institutes of Health (GM 29300).
in the Mg2+ or H+ concentration. Because the from the Office of Naval Research and by the

affinity of arsenazo Ill for Ca>2 is so high and the Uniformed Services University of the Health Sci-
amount of dye that is trapped by the vesicles (= 3 ences.
nmol/mg protein) was well below the capacity of
the vesicles to accumulate Ca2, the intravesicular References
arsenazo Ill rapidly became saturated with Ca2+

after initiation of Ca2+ transport. This makes I Martonosi, A. and Beelcr, T.J. (1983) in Handbook of

quantitation of the amount of Ca2+ translocated Physiology (Peachey. L.D. and Adrian. R.M.. eds.). Vol 10.

difficult. A Ca" indication of much lower affinity 2 pp. 417-485, Waverly Press. Balimore, Nit)
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would be more useful in measuring the intravesicu- Curr. Top. Biocncrg. 9. 179-236
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A procedure was developed to isolate a membrane fraction of rat skeletal muscle which contains a highly
active Mg2".ATPase (5-25 p.mol P1/mg min). The rate of ATP hydrolysis by the Mg"-ATPase was
nonlinear but decayed exponentially (first-order rate constant Ž: 0.2 s '1 at 37*C). The rapid decline in the
ATPase activity depended on the presence of ATP or its nonhydrolyzable analog 5'-adenylyl im-
idodiphosphate (AdoPPINHI P). Once inactivated, removal of ATP from the medium did not immediately
restore the original activity. ATP- or AdoPPINHj P-dependent inactivation could be blocked by concanavalin
A. wheat germ agglutinin or rabbit antiserumn against the membrane. Additions of these proteins after ATP
addition prevented further inactivation but did not restore the original activity. Low concentrations of ionic
and nonionic detergents increased the rate of ATP-dependent inactivation. Higher concentrations of
detergents. which solubiiize the membrane coenpletelv, inactivated the Mg2*-ATPase. Cross-linking the
membrane components with glutaraldehyde prevented ATP-dependent inactivation and decreased the sensi-
tivitv of the Mg2+-ATPase to detergents. It is proposed that the regulation of the Mg 2 +ATPase by ATP
requires the mobility of proteins within the membrane. Cross-linking the membrane proteins with lectins,
antiserum or glutaraldehyde prevents inactivation; increasing the mobility with detergents acceleratess
ATP-dependent inactivation.

Introduction the Mg2+-ATPase has not been identified.
Fernandez *cI al. [1] demonstrated that vesicles

The microsomal subcellular fraction of skeletal containing the Mg2+-ATPase from rabbit skeletal
muscle contains both a Ca 2 '-dependent ATPasc muscle can be sepaTated from sarcoplasrmc reticu-
and a Ca 2 *-independent Mg2+-ATPase. The lum vesicles by first selectively loading the sarco-
Ca2 *ATPase mediates the active transport of Ca ~ plasmic reticulum' with calcium phosphate to in-
into the sarcoplasm-ic reticulum. The function of crease their density and then fractionating the

microsomes by sucrose density centrifugation. The

Abbreviations: ADA. N-(2-acetamido)-2-iminodiacetic acid-, Mg 2 -ATPase was associated with those vesicles
Mops. 3-(N-morpholino)propanesulfonic acid. EDTA. ethyl- which migrated to a de!nsity between 1.09 and 1. 13
enediaminetetraacetic acid. EGTA. ethylene glycol bis(16- g/ml. There are various other reports in the litera-
amninoethyl ether)-V. N'-1teraacetic acid; PMSF. phenylmeshyl- ture on the preparation of a low density subfrac-
sulfonyl fluoride; CCCP. carbonyl cyanide m-chlorophenylhv. tion of skeletal muscle microsomes which have
drazone; FC7(CP, carbonyl cyanide p-trifluoromcthoxyphenyl- high Mg2 '-ATPase activity [2-6]. Antibodies
hydrazone: AdoPPINHIP, 5'-adenylyl imidodiphosphate; seific to the low density vesicle fraction pre-
Chaps. 3-li 3-cholamidopropyl~imethylammoniolpropane- pc

sulfonate: Chapso. 3.[(3.cholamidopropyl)dimethylammonioj. pared from rabbit skeletal muscle were shown to
2-hydroxv-1-propanesulfonate. bind in the region of the transverse tubule (4].

IM005-2736/931103(X) 19113 Elsevier Science Publishers R.V.
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Malouf and Meissner [5] used cytochemical tech- pimelimidate, dimethyl-3,3'-dithiobis(pro-

niques to demonstrate a highly active Mg 2 ÷- pionimidate), 2-iminothiolane, disuccinimidyl sub-

ATPase in the plasmalemma and transverse tubule erate, disuccinimidyl tartarate, ethylene glycol

of chicken pectoralis muscle. bis(succinimidyl succinate) and 4,4'-difluoro-
The purpose of the studies reported here is to 3,3'dinitrophenylsulfone.

investigate the effect of perturbation of the mem- Methods
brane by detergents, lectins. antiserum and
glutaraidehyde on the Mg" -ATPase. Investiga- Preparation of muscle subcellular fractions
tions on the regulation of the Mg 2 ÷-ATPase may The back and hind leg muscles were removed
lead to a better understanding of its function. from 300 g male Sprague-Dawley rats and trimmed

of red muscle, connective and adipose tissue. After
Materials chopping the muscle into smalI pieces (about 0.25

Adenosine 5'-triphosphate. 5'-adenyiyl a- cm 3), it was homogenized with a Polytron at low
idodiphosphate (AdoPP[NH]P). lactate dehydro- speed for 2 min in 0.15 M KCI, 10 mM N-(2-
genase, pyruvate kinase. wheat germ agglutinin, acetamido)-2-iminodiacetic acid (ADA), 10 mM
concanavalin A. N-ethylmaleimide. 5.5'-dithiobis 3-(N-morpholino)propanesulfonic acid (MOPS)
(2-nitrobenzoic acid), cytocholasin B, vinblastine, (pH 6.8), and 5 mM MgSO4 (KCI solution). Every
colchicine, phenylmethylsulfonylfluoride (PMSF), 15 s the Polytron was stopped and the blade
quercetin, sodium azide, sodium arsenate, N- cleared of connective tissue. The homogenization
acetylglucosamine, a-methyl mannoside, oligomy- and all subsequent steps were perfcrmed at 40 C.
cin, gramacidin. valinomycin, carbonyl cyanide p- The muscle was further homogenized in a 50 ml
trifluoromethoxyphenylhydrazone (FCCP), Potter-Elvehjem homogenizer (five strokes) and
carbonyl cyanide m-chlorophenylhydrazone (C- then centrifuged at 1500 x g for 10 min. The pellet
CCP). 2,4-dinitrophenol. soybean lectin (Glycine was saved to prepare the crude myofibril fraction.
max), lectin from Bandeiraea simplicifolia. Triton The supemnatant was further centrifuged at 10000
X-100, polyoxyethylene 20 oleoyl ether (Brij 9)), X g for 15 min. The pellet was saved to prepare
polyoxyethylene 10 stearyl ether (Brij 76), poly- the crude mitochondrial fraction and the super-
oxyethylene 23 lauryl ether (Brij 35), polyoxyethy- natant was centrifuged at 53000 x g for I h to
lene sorbitan monolaurate (Tween 20), poly- collect the microsomal fraction. The supernatant
oxyethylene sorbitan monopalmitate (Tween 40), was saved to prepare the cytosol fraction. The
polyoxyethylene sorbitan monostearate (Tween microsomal pellet was resuspended in KC1 solu-
60), polyoxyethylene sorbitan monooleate (Tween tion and applied to a discontinuous sucrose gradi-
80), sodium cholate, sodium deoxycholate, dig- ent containing 10% (2 ml), 27% (9 ml), 30% (6 ml),
itonin. phospholipase C, and cholesterol were ob- 35% (6 ml), 40% (6 ml) and 45% (3 ml) sucrose
tainted from Sigma Chemical Company (St. Louis, made in KCI solution. The microsomes were frac-
MO). Zwittergent 3-8, Zwittergent 3-10. Zwitcr- tionated by centrifugation at 130000 x g for 3 h.
gent 3-12, Zwittergent 3-14, Zwittergent 3-16, The Mg'÷-ATPase containing vesicles were ob-
monensin and A23187 were purchased from tained at the 10-27% interphase (low density
Calbiochem-Behring Corp. (La Jolla, CA). ('y- vesicles). The sarcoplasmic reticulum vesicles were
32 P)labeled adenosine 5'-triphosphate was pro- removed from the lower part of the gradient
vided by New England Nuclear (Boston, MA). (33-37% sucrose). The low density vesicles were
Ruthenium Red was purchased from Aldrich diluted 10-fold in KCI solution and concentrated
Chemical Corp. (Milwaukee, WI). Lectins from by centrifugation at 140000 x g for 30 min. The
Limulus polythemus, Pisum sativum and Arachis vesicles were placed on another discontinuous
hypogaea were obtained from E-Y Laboratories sucrose gradient (6 ml 10% sucrose, 6 ml 27%
(San Mateo, CA). Pierce Chemical Corp. (Rock- sucrose made in KCI solution) and centrifuged 15
ford, IL) supplied the Chapso, Chaps, 7-chloro-4- h at 130000 x g. The low density vesicles con-
nitrobenzo-2-oxa-l.3-diazole (NBD chloride), taining the Mg 2 +-ATPase were removed from the
dansyl chloride, dimethyl adipimidate, dimethyl 10-27% interphase.
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The crude myofibril fraction was prepared from was incubated for 1 h with 1% bovine serum
the 1500 X g pellet by rehomogenizing the pellet in albumin in 10 mM phosphate buffered saline (pH
10 volumes of KCI with the Polytron at medium 7.4) to block the remaining protein binding sites of
speed. The suspension was then centrifuged 1500 the nitrocellulose sheet. To detect lectin binding
x g for 10 min. The pellet was kept as the crude sites, peroxidase conjugated lectins (100 ml, I
myofibril fraction. pug/ml proteins) were incubated with the nitrocel-

The crude mitochondrial fraction was prepared lulose for 2.5 h. The unbound lectin was removed
from the first 10000 X g pellet by resuspending the by washing the nitrocellulose sheet five times with
pellet in 250 ml of KCI solution and centrifuging 30 ml of phosphate buffered saline containing
the suspension at 1500 x g for 10 min. The super- 0.05% Tween 20. Bound lectin was localized by
natant was centrifuged again at 10000 x g for 15 staining for peroxidase activity using 4-chloro-l-
min. The pellet was resuspended in 250 ml of KCI naphthol as described by Hawkes et al. [18]. After
and the two centrifugaeions were repeated. The staining, the nitrocellulose sheets were washed with
final pellet was used as the crude mitochondrial excess water.
fraction. Antibody binding was detected by first in-

The cytosol fraction was obtained from the cubating the blocked nitrocellulose sheet with anti-
53 000 x g supernatant. The supernatant was serum (or control serum) diluted I to 150 in phos-
centrifuged 100000xg for 30 min and then di- phate buffered saline containing 0.01% bovine
alyzed 24 h against KCI solution, serum albumin for 3.5 h at room temperature.

After the nitrocellulose was then washed threeAssays times with phosphate buffer saline, it was in-
ATPase activity was measured using a coupled cubated with peroxidase conjugated goat antibody

enzyme assay f7J or by monitoring the release of P, to rabbit IgG (0.3 pg/m protein) in phosphate
from (,-" 2 PJATP 18). Cholesterol was measured by buffered saline containing 0.01% bovine serum

the method of Courchaine et aL (9]. following albumin. After incubating I h at 25°C. the nitro-
extraction of membrane lipids as described by cellulose sheet was washed and stained with 4-
Bligh and Dyer fl0J. Total phospholipid was de- chloro-l-naphthol as described above.
termined by measuring the amount of P, released
following the digestion of the lipids by the method Preparation of rabbit antiserum against the low-den.
of Bartlett [i I]. Aldolase [12]. pyruvate kinase [131, sit.v vesicles
lactate dehydrogenase [14]. and creatine phos- Before immunization, serum was collected from
phokinase [15] were assayed as previously de- the rabbit to serve as control serum. Low density
scribed, except the assay medium was made in vesicles (I mg protein emulsified with equal volume
KCI solution. 5'-Nucleotidase was assayed by the of Freund's complete adjuvant) were injected sub.
method of Dixon and Purdam (16]. cutaneously into the back of the rabbit. The injec-

tions were repeated after 2 and 4 weeks. Eleven
SDS.polyacrv'lamide gel electrophoresis days after the last injection, serum was collected

Polyacrv lamide gel electrophoresis was per- from the rabbit and stored at - 20 0C.
formed following the method of Laemmli [17]
using 6-12% acrylamide gradient gels. Gels were Electron microscopy
stained with 0.2% Coomassie brilliant blue R-125 Low density vesicles (0.25 mg of protein) were
in 40% methanol, 7% acetic acid and destained diluted into 0.1 M cacodylate buffer (pH 7.2) and
with 20% methanol, 7% acetic acid. centrifuged 30 min at 120000 x g. The pellet was

The binding of antibodies and lectins to the fixed for I h at 4°C with 2.5% glutaraldehyde in
proteins separated by SDS-polyacrylamide elec- 0.1 M cacodylate buffer containing 1% tannic acid.
trophoresis was investigated by first transferring The fixed pellet was then rinsed with 0.1 M
the proteins electrophoretically from the gel to a cacodylate and then treated with 2% OsO4 in 0.1
nitrocellulo.e sheet in 25 mM Tris-HCI (pH 8.3), M cacodylate buffer. After embedding in araldite.
20% methanol at 60 V (about 200 mA) using a the pellet was sectioned and then stained with
Bio-Rad Trans-Blot cell. The nitrocellulose sheet uranyi acetate and lead citrate.

BEST AVAILABLE COPY



'24

Results2

The highest specific activity of the detergent-
iensitive. Ca22-independent Mg2 *-ATPase of rat
ikeletal muscle was round in the microsomal frac-
tion (Table 1). Low-density vesicles in the micro-
..omal fraction which contained the Mg2'-ATPase

were separated from the sarcoplasmioc reticulum
v'esicles by sucrose density centrifugation (Table 1I o
.tnd Fig. 1). Following a second sucrose densitya
-entrifugation (Fig. 1), no detectable Caz--depen.

.ient ATPase activity remained in the ltow-density
vesicle fraction. The'specific activity of the MS2 *_2 39 40
1kTPase of the low density vesicles was 26-times; Fg .Sprto fvsce rmrtseea

largr tan tat f th sacopasnic rticuum.The muscle. (A) First sucrose gradient. Microsormes (7 ml. 10 mg/mI
low density vesicles contained a much higher con- protein) were placed on a discontinuous sucrose gradient (9 ml
tent of cholesterol (0.6 Amol/mg protein) and 27%. 6 nil 30%. 6 ml 40%. and 3 ml 45% sucrose in KCI

5'-nucleotidase (16 nmol/mg per min) than the medium). After centrifugation for 3 h at 130000x g. the gradi-

inicrosomal fraction (0.1 &amol/mg and 0.2 ent was fractionated into 0.9-nd aliquots and the protein.

nmol/mg per min. respectively) indicating that the Ca2
.-depndent a.,d Ca , .independent activity were measured

as described in Methods. (B) Second sucrose gradient. Fraction
plasma membrane and/or the transverse tubule 9-16 of the rirsc sucrose gradient were pooled diluted with KCI
membrane is also enriched in the low-densitv yes- medium and concentrated by centrifugation (140000x g for
icle fraction. 0.5 h). The pellet was resuspended in KCI medium and applied

Analysis of the protein composition of the low- to another discontinuous sucrose gradient (6 ml] 10% Sucrose. 6

Jest eice by sodiu dodecyl sulfate pl- ml 27% sucrose in KCI medium). After centrifugation at
.ienitvvesies urn oy 13000OX g for I5SIh. the gradient was fractionated into 0.4-mI

.icrvlamide~electrophoresis showed a pattern quite aliquots and the protein. Ca2 -independent and Ca2 -depen-
iistinct from that of the myofibril, mitochondrial. dent ATPase activity of each fraction were measured.

rABLE I sarcoplasmic reticulumn or cytosol fraction (Fig.
%48ý-ATascAMVTY F MUCLESUBELLLAR 2A). The major unique protein band enriched in

FRgACTIOaSeA IIT OFMSL S C LLR the low density vesicle fraction had an apparent

%1g:*-ATPase was assayed in medium containing 0.15 M KCI. molecular weight of about 56000. When separated
10 mM Mops. 5 mM "MgSO4. 16 U/mI pyruvate kinase. 5 by .isoelectnic focusing, this band breaks up into a
U/mI lactate dehydrosgenase. 0.5 mM phoSP~tno0p~yTwNate. series of 5 spots with p] values ranging from 5.4 to

)15 mM NADH and f mMf EGTA. The ATPase activity was 6 (Fig. 2B). Many of the proteins found in the
.letermined from the initiial ratse NADH oxidation as monitored low-density vesicles appear to be simply trapped
..pectrophotometrically at 340 nm. Inhibition by Triton X-100 inside the vesicles during their preparation. The
was measured by including 0.1% Triton X-100 in the assay protein with an apparent M,. of 69000 and a pl of
medium.

5.8-6.0 had the same migration pattern as
Fraction Initial Mg 2 --ATPase activity authentic rat serum albumin (Fig. 2B3). Rosemblatt

fiumol/mg min) et al. [4] identified serum albumin as a major
- Detergent + 0.1% protein component in low-density vesicles isolated

Triton from rabbit skeletal muscle. The protein with an
I Crude myoribril 0.19 0.19 apparent M. of 40000 and a p] of 6.7-6.9 gave
2 Cylosol 0.03 0.006 the same midgration pattern as authentic creatine
3 Crude mitochondria 0.14 0.04 phosphokinase. The activity of several soluble cv-
4 Microsome 0.25 0.007 olsienyeinteowd st fain
5 Low-density vesicles 6.11 0.11tolmieny sin heowdntvfain

________________________________ showed a 6- 10-fold increase in activity upon addi-CO
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Fig. 2. Comparison of the protein composition of the low-density vesicle fraction with other subcellular fractions by SDS-polyacryla-
mide electrophoresis. (A) SDS-polyacrylamide gel electrophoresis was performed by the method described by Laemmli [17] using
6-12% acrylamide gradient gels. Each sample except the molecular weight standards (10 0•g proteins) (phosphorylase b. bovine serum
albumin. ovalbumin. carbonic anhydrase. soybean trypsin inhibitor and a-lactalbumin); lane 2. cytosol; lane 3, mitochondrial
fraction; lane 4, myofibril fraction. lane 5. low density vesicles and lane 6. sarcoplasmic reticulum. (B) Two-dimensional electrophore-
sis of the low-density fraction. Procedure of O'Farrell 1251 was followed. Low-density vesicles (200 .g protein were solubilized in 10%
Triton X.100 for the first dimension. isoelectric focusing elec'rophoresis. A 6-12% acrla-ride gradient gel was used for the second
dimension. SDS poiyacryiamidc gel cleclrophoresis.

tion of 0.1% Triton X-100 (Table II). The latent, the peroxidase stain. 4-chloro-l-naphthol. This
specific activity of these enzymes in the low-den- method was not sensitive enough to detect any
sity vesicle fraction was 1/6 to 1/25 of the specific wheat germ agglutinin binding proteins in
activity of these enzymes in the cytosol fraction mitochondrial, cytosol. myofibril, or sarcoplasmic
indicating that up to 16% of the protein found in reticulum fractions but at least 6 major bands and
the low-density fraction may simply be trapped by 15 minor bands appeared in the low-density yes-
the vesicles during their preparation. icle fraction indicating an enrichment of glycopro-

The protein composition of the low-density teins in this fraction (data not shown). In the
vesicles was further characterized by identifying presence of 0.1 M N-acetylglucosamine, no wheat
the wheat germ agglutinin binding proteins. Wheat germ agglutinin binding to the low-density vesicle
germ agglutinin is a lectin which binds to glyco- fraction was observed.
proteins containing N-acetylglucosamine. The pro- The location of the proteins in the low density
teins of each subcellular fraction were first sep- vesicles was investigated using trypsin digestion
arated by SDS-polyacrylamide electrophoresis and and fluorescamine labeling of intact and solubi-
then transferred onto a nitrocellulose sheet. The lized membranes. Addition of trypsin to intact
binding of peroxidase conjugated wheat germ ag- vesicles resulted in the rapid digestion of the
glutinin to the protein bands was visualized using 200000 and 100000 Mw proteins (Fig. 3). The

BEST AVAILABLE COPY



226

TABLE !1

LATENT ACTIVITY OF CYTOSOL ENZYMES IN THE LOW-DENSITY VESICLES

Aldolase. lactate dehydrogenase. creatine phosphokinase and pyruvate kinase activities in the low density vesicles and cytosol fraction
were assayed in KCI solution with and without 0. 1% Triton X-100 as described in Methods.

Enzyme activity (g tmol/mg min)

Aldolase Lactate Creatine Pyruvate
dehydrogenase phosphokinase kinase

Low-density vesicles
- detergent 0.5 0.09 1.3 0.07
+0.1% Triton X- 100 4.1 1.10 6.3 0.61

Cytosol
- detergent 24.7 11.0 144 6.3
+ 0. 1 Triton X-100 24.7 11.0 144 6.3

1 2 2 • 4 56000 Mw protein appeared to be cleaved to form

SA] a protein of about 51 000 Mw. Most of the other
proteins seem to be unaffected by trypsin. The
Mg 2 +-ATPase activity was not influenced by

* 'trypsin even at a concentration of I mg/mi in-
.a ¶cubated for 30 min at 25°C. After solubilization
"8 l• I the low-density vtsicles with deoxycholate, all the
\;• ': ' :, : .proteins became susceptible to proteolytic diges-

' .,- , !tion with the exception of a 35000 Mw protein.
The addition of tl~e nonpermeable cyclo-
heptaamylose-fluorescamine complex to intactI vesicles predominantly labeled the 100000 and
56000 Mw proteins (Fig. 4). Under the same
conditions the Mg 2 -ATPase was inhibited 55%.
All the proteins appeared to be labeled after the

--I-- - - membranes were solubilized with sodium dodecyl
sulfate (Fig. 4). These experiments indicate that

, L " / the 100000'and 56000 Mw proteins are exposed to
' ]I j / the external medium while most of the other pro-
"f, .' teins become exposed only after disruption of the

vesicle membrane.
Since the specific activity of purified Mg 2 +_

ATPase is not known, the percentage of the vesicles
in the low density vesicle fraction which actually

- 09LY + -r + contains the Mg 2 ÷-ATPase cannot be estimated.

Fig. 3. Digestion of low-density vesicles with trypsin. (A) The high content of cholesterol. 5'-nucleotidase
Low-density vesicles (4.5 mg/ml) were incubated in 0.15 M and glycoproteins in the low-density vesicle frac-
KCI. 10 mM Mops. 5 mM MgSO, at 25"C. Aliquots (50 Al) tion suggests that at least some of the vesicles are
were removed before (1). or I min (I1). 10 min (!II), or 100 min
(IV). after the addition of trypsin (2 )g/ml). PMSF (0.2 mM)
was immediately added to the aliquots to inhibit the trypsin. molecular weight standards are indicated by the arrows: I,
After all the aliquots were collected, they were analyzed by phosphorylase b; 2. bovine serum albumin, 3, ovalbumin: 4.
SDS-polyacrylamide gel electrophoresis as described in Meth- carbonic anhydrase; S. soybean trypstn inhibitor. (B) Same as
ods. The gels were stained with Coomassie blue. destained and A. except low density vesicles were solubilized with 5 mg/ml
scanned with a Gelford gel scanner at 550 nm. Mobilities of the deoxycholate before the trypsin addition.
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ARate of A TP hydrolysis by the Mg"2 -A TPase
The rate of ATP hydrolysis by the Mg2÷-

ATPase as monitored by the enzyme coupled as-
say as nonlinear but declined exponentially (first-
order rate constant 0.2 rain' at 371C) (Fig. 5).
Similar results were obtained when ATP hydroly-
sis was assayed by measuring the rate of Pi release
from [y- 32 P]ATP. Addition of 2 mM K 2 HPO4
had no effect on the Mg 2÷-ATPase activity, indi-
cating that the decline in ATPase activity is not

2"- due to phosphate release from ATP. In the cou-
pled enzyme assay, ATP is regenerated from ADP

* by pyruvate kinase and phosphoenolpyruvate, so
the decay in ATPase activity was not due to ADP

3-' - ~ accumulation. The initial rate of ATP hydrolysis
"was found to be directly proportional to the pro-
tein concentration of the low-density vesicles from
I to 5 Ag/ml using the coupled enzyme assay and
from 10 to 100 j/g/ml using the [y-'- P]ATP assay.

5- -"The rate of inactivation was independent of the

6 , protein concentration.
"In the absence of ATP, the rate of inactivation

' - was 600-times slower than that in the presence of
Fig. 4. Fluorescamine labeling of low-density vesicles. (Lanes A ATP (Figs. 5 and 6). The rate of inactivation of
and B). Low-density vesicles (2 mg protein/ml) were incubated the Mg 2 -ATPase was also accelerated by the
in 0.25 M sucrose, 10 mM imidazole (pH 7.5) and 2.5 mg/ml addition of the non-hydrolyzable 4TP analogue
cycloheptaamylose.fluorescamine for 30 min at 37"C. After

glycine (0.25 M) was added to react with the remaining fluo- AdoPP[NH]P (Fig. 7). When added together with
rescamine, 5% SDS and I% P-mercaptoethanol were added and ATP, AdoPP[NH]P was a competitive inhibitor
the sample was heated at 100*C for 5 min. A 40-pl aliquot was
then removed and analyzed by SDS-polyacrylamide electro.
phoresis. The gel was photographed under ultraviolet light with go _ A i a

the shutter opened for I main to detect the proteins labeled with j 17 6 10

fluorescamine (lane B) and then the proteins stained with 0
Coomassie brilliant blue R-115 (lane A). (Lanes C and D) -
Same as lanes A and B except 0.2% SDS was included in the 50 -
fluorescamine incubation solution to solubilize the low-density i -
vesicles. Mobilities of the molecular weight standards are indi- 3
cated by the arrows: I. phosrhorylase b (94000); 2, bovine • 20
serum albumin (67000); 3, ovalbumin (43000); 4, carbonic 10
anhydrase (30000): 5. soybean trypsin inhibitor (20000); and 6,
a-lactalalbumin (14000). 2 4 .1 10 s2 14 16 4 a 12 16NUUTtS MIMS•

derived from the plasma membrane and/or the Fig. 5 'late of ATP hydrolysis by the Mg 2.-ATPase. (A) Rate
or ATP hydrolysis by Mg 2 -ATPase. ATP hydrolysis wastransverse tubule. However, the low-density vesicle measured by the enzyme coupled assay at 37°C in medium

fraction may contain membranes from other containing 0.15 M KC, 10 mM ADA. 10 mM Mops (pH 6.8).

sources, so the localization of the Mg 2 ÷-ATPase is 5 mM MgSO4, 0.5 mM phosphoeno/pyruvate, 16 U/ml pyru.
not possible at this time. vate kinase, 5 U/ml lactate dehydrogenase. 0.15 mM NADH.

Electron micrographs of the low density frac- 2.0 mM ATP. 1.5 mM EGTA and I ug protein/ml low-density
vesicles (@). Wheat germ agglutinin (20 ug/ml) was added

tion indicated a heterogeneous population of before ATP (0) or 1.5 (7), 6 (,). or 7 (0) min after ATP
vesicles of various sizes present in the low-density addition. (B) Data from panel A replotted on a logarithmic
fraction. graph.
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TABLE III

EFFECT OF ATP PRETREATMENT ON THE Mg2.- so
ATPase ACTIVITY 70

so.
Low-density vesicles (20 ml. 13.5 pg protein/mi) were in- SO-
cubated 30 mm' at 25*C in 0. 15 M KCI. 10 mM Mops (PH 6.8).
5 mM MgSSO4 I mM EGTA. 5 mM ATP. A control sample was
incubated in medium lacking the ATP. The samples were then 3

centrifuged 130000 x g for 30) min and the pellet was resus-
pended in KCI solution at a final protein concentration of 0.6
mg/mI. Aliquots were removed from the resuspended vesicles
at various times to assay for ATPa~se activity as described in

Fig. 5.

medium preincubation of ATP rate MINUITES

(min) hydrolysis (min) Fig. 7. Rate-of inactivation of the Mg2'-ATPase in the pres-
ence of AdoPPiNHIP. Low-density vesicles (0.6 mg/mi) were

Control 5 21.9 0.21 incubated at 250C in 0. 15 M KCI. 10 mM Mops. 10 mM ADA
30 23.2 0.21 4 pH 6 19 3 m%1M MgO. and either 0. 1 mM'* (0). 0.2 mM (w).

]so 19.2 0.19 0.4 mM (0) or 2.0 mM (,&) AdoPP[NH]P. The control lacked

+ ATP 3 5.5 0.10 AdoPP[NHJP (0). At various times aliquots (10 gl) were
30 5.0 0.10 removed and assaved for ATPase activity using the coupled

150 6.8 0.11 enzyme assay at 37*C. The data is reported as the ratio of the
___________________________________________ initial rate of ATP hvdrolysis at the vanious times to the initial

rate of ATP hvdrolvsis at i- 0 of the sample lacking
AdoPPINHIP. The vesicle suspension was diluted 200-fold

of ATP hydrolysis by the Mg 2 -ATPase (K, =0.26 into the assay medium so that the highest concentration of
mM. atanotshow). ut hen dde inihe AdoPPINHIP in the assay medium was 10 #iM which did not

sognificantlv effect the ATPase activity (AdoPP[NH]P is a
absence of ATP. AdoPPINHIP caused inachtiva- competitive inhibitor of the Nfg*-ATPase with a K, - 0.26
tion of the Mg2*-ATPase. MM).

The Km, of the Mg 2 *-ATPase for ATP was

determined to be 0.2 mM. The rate of ATP hvdrol-
20! * ysis and the rate of ATP-dependent inactivation

did not vary between p1. 5.5 and 8.5. The rate of
* is iSVATP hydrolysis and the rate of ATP-dependent
F inactivation assayed with [-y- 3 2P]ATP was not sig-

K 44nificantly altered when the 0.15 MI KCI in the
t= . -aassay medium was replaced with any of the follow-

ing: 0. 15 M NaCI. 0. 15 IM LiCI. 0. 15 IM RbCI. 0. 15

35%C M CsCl. 0.15 M sodium acetate. 0.15 M sodium9 1 bicarbonate. 0.15 1\ sodium aspartate. 0.15 M

32 36-2* disodium maleate. 0.15 N1 sodium isothiocvanate.
0.15 M lysine chloride or 0.3 M\ sucrose. Various

2.5 10 20 30 40 S0 so 70 ionophores (gramicidin. valinomycin. monensin.
TWE (h) A23187, CCCP. FCCP. dinitrophenol) and inhibi-

Fig. 6. Rate of inactivation of Mg 2 '-ATPase in the absence of tors of other ATPase enzymes (oligomycin.
ATP. Low-density vesic les (26 pg protein/mi) were incubated ouabain. vanadate. quercetin. sodium azide.
at the indicated temperature in 0.15 M KCI. 10 mM ADA. 10 sodium arsenate) had no significant effect on the
mM Mops (pH 6.8). 5 mM MgSO4. 5 mM sodium azide, feto teatvt
Aliquots (50 j~h were removed at various times and the initial efeto h ciiyof the Mg-"-ATPase. Neither
ATPase activity was measured hy the coupled enzyme assay at the rate of ATP hydrolysis nor the rate of ATP-de-

25 0 C.pendent inactivation was significantly influenced

BEST AVAILABLE COPY



229

by 0.1 mM cytocholasin B. 0.1 mM vinblastin or concanavalin A were able to completely block
10 JM colchicine. No apparent alteration of the ATP-dependent inactivation (Table IV). They were
protein composition of the low-density vesicles as also able to block the inactivation of the Mg 2 +-
analysed by SDS-polyacrylamide electrophoresis ATPase induced by AdoPP[NH]P (Table V). If
was observed after treatment with ATP (data not wheat germ agglutinin was added to the assay
shown). Neither the serine protease inhibitor phen- medium following ATP addition, further inactiva-
ylmethylsulfonvl fluoride nor the sulfhydryl rea- "tion was prevented, but the initial rate of ATP
gents 5,5'-dithiobis(2-nitrobenzoic acid) acid and hydrolysis was Dot restored (Fig. 5). Similar results
N-ethylmaleimide had any effect on the ATP-de- were obtained with concanavalin A. Inhibition of
pendent inactivation rate of the Mg 2÷-ATPase. ATP-dependent inactivation of the Mg2 ÷-ATPase

The effect of temperature on ATP hydrolysis by by lectins was completely reversible. Addition of
the Mg2-'-ATPase is shown in Fig. 8. The energy 0.1 M N-acetylglucosamine to the assay medium
of activation for ATP hydrolysis and ATP-depen- eliminated the effect of wheat germ agglutinin on
dent inactivation determined from an Arrhenius the Mg2 -ATPase activity even when added after
plot of the data in Fig. 8 was 4.0 kcal/mol and ATP hydrolysis is initiated. Similar results were
14.4 kcai/mol, respectively, obtained when a-methyl mannoside was added to

the assay medium containing concanavalin A.
Effect of lectins on the Mg -A TPase activity These results indicate that wheat germ agglutinin

The ability of lectins to influence the activity of and concanavaib A must bind to the membrane in
the Mg 2 ÷-ATPase was investigated. Of the lectins order to prevent the inactivation of the Mg 2 ÷-
tested, only wheat germ agglutinin and con- ATPase and that the effect of these lectins on the
canavalin A altered the Mg 2 *-ATPase activity. Mg 2÷-ATPase is cqmpletely reversible.
Wheat germ agglutinin and concanavalin A bind Concanavalin A and wheat germ agglutinin
N-acetylglucosamine and D-mannose residues, re- shifted the Km oi the Mg 2 -ATPase for ATP from
spectively. Lectins from Limulus polyhemus, Pisum 0.2 mM to 0.34 mM.
sativum, Arachis hypogaea and Glycine max had no
effect on the Mg 2"-ATPase concentrations up to TABLE I
50 tig/ml protein. Wheat germ agglutinin and EFFECT OF WHEAT GERM AGGLUTINIIN. CON-

CANAVALIN A AND RABBIT ANTISERUM ON THE
Mg 2*-ATPase ACTIVITY

Mg 2 ÷-ATPase was assayed as described in Fig. 5. Low-density
vesicles (1.8 pg/ml) were added to the assay medium I min
before the addition of 2 mM ATP. When v;sted. the lectins.

7 sugars, antiserum or control serum were added to the assay
medium before the addition of the low-density vesicles.

Addition Initial rate Inactivation
ATP hydrolysis rate

"3"1C (pmol/mg per min) (min-
45 -' 40 0 I Control 8.9 0.26X1 - I t I i i I I i t•

1 2 3 4 S 6 7 8 9 10 11 12 13 14 2 +wheatgermagglutinin 5.9 0
TlE (mii) (70 p g/ml)

3 + wheat germ agglutinin 7.3 0.29
Fig. 8. Rate of inactivation of the Mg 2 ÷-ATPase in the pres- (70 Ag/ml) and N-acetyl-
ence of ATP. ATPase activity was measured by the coupled glucosamine(0.1 M)
enzyme assay at the indicated temperature in medium contain- 4 + concanavalin A (40 .1 g/ml) 6.9 0
ing 015 M KCI, 10 mM ADA, 10 mM Mops (pH 6.8), 5 mM 5 +concanavalin A 7.6 0.35
MgSO 4 . 0.5 mM phosphoenotpyruvate, 16.8 U/ml pyruvate (40 pg/ml) and a-methyl-
kinase. 4.8 U/ml lactate dehydrogenase. 0.15 mM NADH, 2.0 mannoside (0.1 M)
mM ATP, 1.5 mM EGTA and 1.7 pg protein/ml low-density 6 + rabbit antiserum (1 :700) 5.8 0
vesicles. The rate of ATP hydrolysis was determined from the 7 + control serum (1 :700) 10.1 0.23
change in the NADH absorbance at 340 nm.
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TABLE V Effect of rabbit antiserum to the low-density vesicles

EFFECT OF WHEAT GERM AGGLUTININ, CON- on the Mg 2 :-A TPase activity
CANAVALIN A AND RABBIT ANTISERUM ON The effect of rabbit antisertm produced against
AdoPPINHIP.INDUCED INACTIVATION OF THE the low density vesicles on the Mg 2 ÷-ATPase ac-
Mg'*.ATPase tivity was similar to that of wheat germ agglutinin
Low-density vesicles (0.38 mg protein/ml) were incubated at and concanavalin A. The initial rate of ATP hy-
250C in KCI solution with the indicated additions for 60 rin. drolysis was slightly decreased by the antiserum.
The vesicles were then diluted 400-fold into Mg 2÷-ATPase
assay medium and the initial rate of ATP hydrolysis was but the ATP-dependent inactivation was corn-
determined as described in Fig. 5. pletely blocked (Table VI). Control serum had

little effect on the Mg 2 -ATPase activity. Rabbit
Incubation medium ATPase activit5 antiserum also prevented inactivation of the

(% of control) Mg 2 ÷-ATPase by AdoPP[NH]P (Table VI). Like
Control (no AdoPPINH]r) 100 the wheat germ agglutinin, rabbit antiserum was
+ 2 mM AdoPP[NHIP 26 found to bind to a variety of proteins in the low
+ 2 mM AdoPP[NHIP and wheat 91 density fraction (data not shown).

germ agglutinin (I mg/ml)
+2 mM AdoPP[NHIP and wheat 49

germ agglutinin (I mg/ml) and Effect of glutaraldehyde on the Mg *-A TPase activ-
N-acetylglucosamine (33 mM) ity

+ 2 mM AdoPPINHIP and 84 Glutaraldehyde is a cross-linking reagent which
concanavalin A (2.5 mg/ml) is able to react with amine groups of protein and

+ 2 mM AdoPP[NHIP and 26
concanavalin A (2.5 mg/ml) and lipids. Immediately after adding 2.5% glutaralde-
a-methyl mannoside (33 mM) hyde to a suspension of low-density vesicles at

+ 2 mM AdoPP[NHIP and rabbit I *C, the initial rate of ATP hydrolysis and the rate
antiserum (1: 100) 85 of ATP-dependent inactivation decreased 36% and

+ 2 mM AdoPPINHIP and
control serum(l :100) 30 54%, respectively (Fig. 9). After a 30 mi incuba-

TABLE VI

EFFECT OF WHEAT GLRM AGGLUTININ. CONCANAVALIN A. AND RABBIT ANTISERUM ON THE INCUBATION
OF THE Mg2 "-ATPase IN THE PRESENCE OF DETERGENTS

Mg 2 *-ATPase activity was measured as described in Fig. 10 except wheat germ agglutinin (20 pg/ml). concanavalin A (50 pug/ml)
and rabbit antiserum (I: 700J were included in the assay medium where indicated. Not determined. N.D.

Detergent Control Wheat +Concanavalin +Rabbit

Initial Inactiva- germ A antiserum

ATPase tion rate agglutinin
Initial Inactiva- Initial Inactiva-

rate(min -Initial nactiva- ATPase tion rate ATPase tion rate
1•l ATPasc tton rate rate (min ) rate (min -)

rate (min-') M (1)
(%)

- 100 0.28 75 0 95 0 102 0

25 pg/ml Brij 35 96 0.75 83 0 95 0 87 0
100 pg/ml Brij 35 85 1.76 83 0 94 0 75 0

2000 A g/ml Brij 35 120 1.54 83 0.08 94 0.07 N.D. N.D.

100 pOg/ml Chapso 93 0.41 65 0 88 0 91 0
250 pg/ml Chapso 82 1.62 65 0.05 79 0 70 0.05

I 000pg/ml Chapso -< 3 56 0.14 41 0.1 58 0.12

I p g/ml Triton X-100 94 0.29 75 0 90 0 88 0
10 pg/ml Trison X-100 85 0.42 63 0 92 0 96 0
50 ftg/ml Triton X-100 60 0.76 47 0.06 77 0.09 94 0.10
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. - (pH 8.0) for 30 min at 250C, they reduced the
initial rate of ATP hydrolysis ot the Mg'*-ATPase

T It-------------------5-90% and completely eliminated ATP-dependent
I 21- inactivation, Glutaraldehyde (50 mM) under the
3118 same conditions reduced the initial rate by 44%.

1118 ~ ~ -- '- - - Effect -of -detergehis on ,he Mg' .A Pase activity-- ------
- **~~.;; -~ S-:::: ~At low concentrations; detergents -maybe incor- -

- -------- porated into biological membranes affecting mem-
brane fluidity and protein-hpid interaction. At

A I~t Le higher concentrations, same detergents can totally
-. - -iUU~)disiupt the mhembrane leading-to the formation of
Fig 9 Effect of Vuluaraidehyde an Mg'*-ATP&Mase helm micelles containing varying amounts of lipid. pro-
Low-densi' vesicits (0.2 mng Protein/mi) were incubated at tein and detergent. At low concentrations of deter-
IIC Oin .1 M KCI. 10 mM Mops (pH4 6.8), 5 mM MgSO. Ind getanshricutonim ,teiiilrtef
2.511 (a. &. <) or 0-25% (3. 0) gutisaraldehyde. Controls lacked gentsandshor inuationl slgtyatmese. thhiitile rtheo
glutaraldehydete4. 0). Aliquots (5 p 1) waere removed at various M'-Taewsol lgtyatrd hl h
times and diluted into '.ml of AT'Pase asa meiu to rate of ATP-dependent inactivation was greatly
determine the Initial rtae of ATP hydrolysis (C. A. C. c>) and accelerated. Fig. 10 shows the effect of Chapso,
the rate of inactivation (o. &. P) as dwaribed in Fig. 5. In one Brij 35 and Triton X-100 on the Mg'--ATPast
experiment (C)). the vesicles incubiated in 2.5%s glutaraidehyde activity. Similar results were obtained with Tween
war* assayed in medium containingO.1s Triton X-100 in order 2.T~ 0 we 0 we 0 oie -0

10mesue etrgntreisan A~atecholate, Chaps, Digitonin, Brij 76, Brij 9". Zwitter.V :

gent 3-08. Zwittergent 3-10. Zwittergent 3.122.
Zwittcrgent 3-14, Zwittergent 3-16. octylgiucoside

tion in 2.5% glutaraldehyde. the Mg2*-ATP
showed no ATP-dependent inactivation but the
initial rate of ATP-hydrolysis was reduced by 58%.
Similar results were obtained in 0.25% giutaralde- i

hyde. except the rate at which ATP-depcndcnt I,
inactivation was inhibited was greatly reduced (Fig.
9). 14

The Mg-2 .ATPase of low-density vesicles not0
treated with glutaraldehyde was completely a
inhibited by 0.1% Triton X-100. But after an hour
incubation with 2.5% glutaraldehyde at V0C. 1%
Triton X-100 inhibited the Mg"-ATPase by only
42% jFig. 9). In conclusion. cross-linking the mem- 0 4 0 2 4 6

brane components with glutaraldehyde of the (ON :
low-density vesicles (1) completely blocked ATP- Fig. 10. Effect of Chapso. 8nij 35 and Triton V 100 on MS~.,
dependent inactivation while inhibiting the initial ATPase activity was measured by the roupled cnzymc assay at

of AP hdroysisup o 6%, nd () icresed 37*C in medium containing 0.15 M KC1. 10 mM ADA, 10 mMrate ofAPhdoyi pt 8.ad icesd Mops (pH 6.8). 5 mM MgSO.. 1., L:ml pyruvsle kinase. 5
the resistance of the Mg2 -ATPa~sc to detergents. U/mi lactite dehydrogenase. 0.5 mM phosphoenolpyruvate

Several other cross-linking reagents which were and 0.15 M NADH. Chapso. Brij 35 or Triton X-100 was
tested (dimethyl pimelirnidate. dimethyl 3.3'-di- added to the assa'v medium at a final concentration of 0-00025's
thiobis(propionimidate). 2-imninothiolane. disuc- (0) 0.001% (a). 0,0025%1 t0t. 0,01% s () or 0.025%s (w) The

cinifudl sberteandethlen glcolbisuc- control (0) tacked detergent Low--density vesicles 03 4 pig pro-
cinirudl sberte.andethlen glcolbisuc- tein/mjl) were added I mmu before the reaction was initiated

cininrucyl succinate) also prevented inactivation, with 2 mM ATP. The rate of ATP hydrolysis was deterrmined
When incubated with the low density vesicles at a from the rate of NADH oxidation as monitored spectrophoici-
concentration of SO-S mM in 0.1 M triethylamiane metrically at 340 nm.
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and lysophosphatidylcholine. Some detergents such gents would increase the rate of dissociation. Al-
as Brij 35 and Tween 80 were unable to solubilize ternatively, the Mg 2 -ATPase may be regulated by
the Mg 2 *-ATPase even at high concentrations (the a separate protein which must interact with the
Mg 2*-ATPase was still precipitable by centrifuga- Mgl 2 -ATPase to inactivate it. Preventing protein
tion at 100000 x g for 10 min). These detergents mobility with cross-linking reagents, lectins or an-
increased the inactivation rate 10-fold at a con- tiserum would block the interaction of the regula-
centration of 0.05% (3.4 Ag protein/ml low-den- tory protein with the Mg'÷-ATPase. Inactivation
sity vesicles) but additional increases in the deter- of the Mg2-ATPase by the regulatory protein
gent concentration had no effect. Wheat germ would require ATP or AdoPP[NH]P. A third
agglutinin, concanavalin A or antiserum prevented possibility is that the Mg 2'-ATPase exists in two
the ATP-dependent inactivation of the Mg2 ÷- conformational states, active and inactive. The
ATPase even in the presence of 2% Brij 35 (Table inactive state would be stabilized by ATP or
VI). Other detergents such as Chapso, Triton X- AdoPP[NH]P. while the active stale would be
100, Nonidet P-40. cholate. octylghtcoside and stabilied by the binding of lectins or antibodies to
Zwittergent 3-16 completely solubilized the mem- the Mg 2 '-ATPase. At the present time. it is not
brane at high detergent to protein ratios, at which possible to eliminate any of these proposed mecha-
no Mg 2÷-ATPase activity was observed. At low nisms for the regulation of the Mg 2 --ATPase
detergent concentrations, the inactivation rate was without further experimental data.
increased with little change in the initial rate of Since there is an abundance of ATP in the
ATP hydrolysis. Wheat germ agglutinin, con- muscle cell, something must prevent the inactiva-
canavalin A or antiserum could still block the tion of the Mg2 -ATPase in vivo. One possibility
ATP-dependent inactivation of the Mg 2 -ATPase is that the Mg 2 -ATPase is not normally exposed
at low concentrations of Chapso and Triton X-100. to ATP. There are numerous reports in the litera-
but inactivation still occurred at higher concentra- ture on the existence of ecto-ATPase enzymes
tions (Table VI). which act on extracellular substrates [19-24]. If

the vesicles which contain the Mg 2 -ATPase are
Discussion nonpermeable to ATP and lectins, then the ATP

and lectin binding sites must be on the same side
The Mg'2 -ATPase of rat skeletal muscle had of the membrane. Since the extracellular surface oi

the unusual property of ATP-dependent inactiva- muscle cells is heavily glycosylated. this would be
tion. Inactivation could also be induced by the the most likely site of lectin binding. Therefore it
nonhydrolyzable ATP analogue AdoPP[NH]P. is possible that the active site of the Mg2-ATPase
The rate of ATP-dependent inactivation was in- faces the extracellular medium rather than hydro-
creased by detergents (Fig. 10) and temperature lyzing intracellular ATP. A large fraction of the
(Fig. 8). Inactivation was inhibited by wheat germ low density vesicles appear to be nonpermeable
agglutinin (Fig. 5). concanavalin A (Table IV), since (1) most of the proteins associated with the
glutaraldehyde (Fig. 9) and rabbit antiserum pro- intact vesicles were protected from trypsin diges-
duced against the low-density vesicles (Table IV). tion (Fig. 3) and from labeling with cyclohepa-
Since ATP-dependent inactivation is blocked by tamylose-fluorescamine (Fig. 4), (2) a 6-10-fold
cross-linking components of the low-density yes- increase in the activity of cytoplasmic enzymes
icle membrane with lectins, antibodies or trapped inside the low-density vesicles was ob-
glutaraldehyde, mobility of the membrane proteins served after disrupting the membrane with deter-
may be required for inactivation (Fig. 1I). The gent (Table II). and (3) the efflux rate of 86Rb (0.5
active Mg 2÷-ATPase may be a protein complex min-') from the vesicles was relatively slow (data
which dissociates to give inactive monomers, not shown). It is not known, however, if the
Dissociation would be prevented by cross-linking Mg 2 +-ATPase is associated with these tight
the complex with wheat germ agglutinin. con- vesicles.
canavalin A. antibodies or glutaraldehyde. ATP or Another possible way in which the Mg2 '-
AdoPP[NH]P would promote dissociation. Deter- ATPase retains its activity in vivo is that iractiva-
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ATP ADP + P ATP ADOP P,

7~~Y4 Y_ ATP Y11
A LECTINS DETERGENTS\ / / A~NTSERUM
SGLUTARALDEHYDE

B
ATP ADP + P. ATP ADP+ P. ATP ADP+P,

4J~4~4ATP
'LICTrs DETERGENTS p-' -

ANTISERUM
GLUTARALOEHYDE

O ACTIVE (> INACTIVE REGULATORY
= Mg ATPase -M AlPos- PROTEIN

Fi, I I. Regulation of Mg--ATPase. Mechanmm A. Active Mg
2
-- ATPase is a protein couik-,. Dissociation or the protein complex

ii promoted by ATP and detergents and leads to inactivation of the ATPasc. Lectin,. vutiserum and glutaraldehyde prevent

dissc-ciation of the protein complex. Mechanism B. Mg
2 .-ATPase is inactivated by a regulatory protein in the presence of ATP.

Lzctins. antiserum and glutaraldehyde immobilize membrane proteins preventing the interaction between the Mg
2 

-ATPase and the

regulatory protein. Low concentrations of detergents increase the mobility of proteins in the membrane and therefore increase the rate

of inactivation.

lion may be blocked by a naturally occurng properties as the skeletal muscle enzyme was also

r.'u.at(,or protein in a similar manner in which found in low density vesicles isolated from heart,

.cftins, an.tiserum or glutaraldehyde prevent in- spleen, lung. kidney, liver, brain and adipose tis-

acto-ation No such regulatory protein, however, sue. The Mg 2 -ATPase activity of low density

"wJs dete,te-l in the muscle cytosol fraction or rat vesicles from heart, spleen and adipose tissue had

se. u r,. a specific activity equal to or greater than that

During the prepaation of the low density from skeletal muscle. &

.CNICIes. inactivation is partially prevented by The function of the Mg>-.ATPasess not known.

i.orkine at 4-C. hut it is likelv that some inactiva- We have found no evidence that the Ag -ATPase

:,on does occur. When the Mz: concentration of is involved in ion transport. T,e enzyme requires

::.e iola,:i!n medium was ma.'aincd below I /pM millimolar amounts of Mg 2. or Ca" for activit

.tth I--DTA to inhibit the Mg2"-A*%rpase. the but no other ionic requirements were observed.

,•...,:fi s ai•it'. oif the %g2--ATPase in the low The activity of the ATPase was not influenced by

was increased 3-fold. ED'rA was a variety of anions, monovalent cations or tono-

:-. : tr, -i ' adcd to the isolation medium since phores. The efflux rate of 56Rb from the low-den-

S. ,:uscd an increase in the contamination sity vesicles was not influenced by ATP nor was

: ',..--dnitv "esicle fraction with sarcop- ATP-dependent Ca 2* uptake into the vcesiclcs oh-
,;,:tlcLlum, served. The rate of ATP hydrolysis hv rite losk-

' X '-.-\TPAte found in the low-density density vesicles was not influenced by preimpo.ed
', .. n,,t ýpcif:c for skeletal nu,.clc (•in- negative or positive inembrane potentials gener-

-- NI S.O;i . M ' "-A TPa,,e with ver, similar ated with Cl- or K * gradients.
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Effect of Na3VO.4 and Membrane Potential
on the Structure of Sarcoplasmic Reticulum Membrane

Trov J. Beeler *. Laszlo Duix**, and Anthony N. Martonosi"*
D lepartnment tit lliocheimistry. U nifbrnied Services U niversity of I Icalth Sciences, Becthesda, Maryland 20014. and
D Iepartment oit Biiochemnistry. State University of New York, Upstate Medical Center. Syracuse, Newv York 13210

Summ~ary. Two-dimensional crystalline arrays of Cal2 -AT~lase urnl of C1a2 I-ATPase in at manner that either pro-
mnoleceules develop afhcr treatmen t of' sarcoplasmic rcticuilurn motes or hinders tile in teracti on between Al Pase
%esicles, with NaV0., in a Ca2-free mnediuim. The influence Molecules, depending Upon the direction of the po-
ofnmemibrane potential upon the rate ofcrvstallization wvs su-
iedx by ion Substitution using oxonol VI and 3.3'-diethyl-2,21'- tcntial ( Dux & Martonosi, 1983 1h). These observa-
thiadicarbocyanine (Di - S - C,(5)) to monitor inside positive lions miay have physiological sign ificanlce inl light
or inside negative memirbrane potentials, respectively. Positive of thc rnctnbrane potential changes in sarcoplasmic
transmemibranec potential accelerates the rate of crystallization i-eticuluim that accompany thle Uptake and r-elease
of C.a -ATPase. while negative potential disrupts preformned y
Ca2 ,-ATPase crystals. suggesting an influtence of' transmemi- of Ca12 in rivo (Bezanilla & l-orowicz. 1975: Ver-
braiie potential upon the conflormiation of Ca2 

' -AlTase. ga ra & lBezani lla. 198 1 ) and] ini H-iro (Reeler. 1 980:
Key Words C:12 '. Mg2 '-A'Flase Ca2 * transport mciii- 2elr+atin& atns.18)
brane potential -vanadate -crystals -sarcoplasmic reticulum Incorporation of' tile Ca2  transport ATPase

- into phospholipid vesicles i'ncreases the pernieabili-
Introduction ty of the memibrane by several orders of magnitude

(Jilka. Martonosi & Tillack. 1975, Martonosi.
Two-dimensional crystalline arrays of the Ca 24  1975: Jilka & Martonosi. 1977). Therefore, in addi-
transport ATPase develop after treatmenrt of sarco- tion to its role in medliating ATP-dependentt active
plasmnic reticuilumn vesicles with Na13VO 4 in a Ca12 ~- Ca2 + transport, the Ca12 4-ATPase also contributes
free mediuim (Duix & Martonosi, 1983a). In order to the passive permeability of the membrane to
to formi crystals thle Ca2 '-ATPase mnolecuiles mu1Lst ions and other smiall miolecules. Considering thle
.tssumne the E, conf'ormiation, which is stabilized effect of miembrane potential onl ATPase-ATPase
by vanadate. Ca112 in concentration sutfficient to interactions (Dutx & Mlartonosi. 1983b1) and thle
saturate thle high affinity Ca 2 + binding site of thle potential changes associated with thle Uptake and
Ca2 '-ATPase prevents the formation of ATPase release of Ca 2  by sarcoplasmice reticuluim (Beeler
crystals and disrupts the crystals that were formied ct al.. 1981:; Ver-gara & Bezanilla. 1981 ) it. is temlpt-
previously (DuIX & Martonosi. 1 983 a). These ef- ing to speculate that changes in the conformiational
fects of' Ca2 

#can be attributed to the changes in equilibrium11 of' Ca24 -ATPaSe Under the influenice
the conform-ation of* C112 -ATPase associated with of' membrane potential may contribute to the
the binding of Ca 2 '. Based onl these observations changes in the Ca2 'permeability of' sarcoplasillic
the crystallization of' Ca2 '-ATPase may serve as reticuilum11 membrane by altering the mionomner-
an indicator of thle conforinational requiremients polymier equilibrttmn of Ca2 4 -ATI'ase (Martonosi
of ATPase-ATPasc interactions in sarcoplasm-ic re- et al., 1977, Vanderkeooi et al., 1977)
ticuILum membranes. As a first. step to tcst this hypothesis we ana-

Artificially imposed inside positive memnbrane lyzed thle effect of Na.,VO 4 Upon thle magnitude
di ffusion potetntial strongly accelet-atcd the rate of and diuration of' membt-ane potential genera ted by
formation of Ca 2 '-,A Ti >tse crystals (Dux & Mar- ion substitutions in rabbit sarcoplasmic reticuluml
tonosi. 1 983 h). ltrsi Ic viegative potential interf'ered vesicles, using thle volta~ge sensitive dyes diethvl-
with the crysilalfizo-!tn. , ticl disrupted pref'ormied thiadicarbocyanin tiend] oxotiol VI. and comipared

C2'-AlTase cryst.. is. It is assumed that the 111cm- thle changes iti mlemibrane potential wvith thie rate
hrantc potential liters the coti ortniational cqI ih bri- of' crvstalliza I ioti of Ca 2 -ATPsc
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7,4 'I.J. tecler el ita): NoV(, )4 d Mcnibtatte P'otential

MIaterials anid Miethods

Sak I opla SIiliC ret icit I nu ' \ stlc . c prepared Froim predonIh -
nantl\1 \\ title r abbit skeletal inrtlcle, ar desc~rillet earlier Mi ka-
Inilia cI I.,l It 76 *.~ \iIli %IighlI motlilicaIit mins( I Ileu r e I a). I. 19 )

D iffutsionptential across til %ca rucoplaSilli C ret IC LI I tin
nicni bra tie wsas genecrated b\ ion substituttion. as descri bed in
detai in til t h t\ and Iin tile Figutre legend s. The difflerence

,ibsorbn (it'0 oi~kinol V I (Mloiccun a r P robes. Inc .. tJunct ion
('it\, O regon) and 33ddI -. '-Iiaiarh ain(D~i -S -
CI.';) 5) 1 lastinian Kodak, Rouchster, News York) were recorded
tin Anl Antin1CO I)W-2 Spurpiti Tc.hec abisorhliace
cla ltluC tit molotol V I anlid )i - s -C('') served to ieva Wit C
tilec chata x's lil i itic-e.posit SC antd iniside-negalkt I i ctiieiibra lic

potentialI. respectke) isc(4Iluelerecia I.. 98 I). ()xon ol VI conitains1
delkica Ii id nc-ateais chia rges aid aecurnti lat Cs into cornpart -
nlctliý Iunitder t he infltiene oft i nside posit ws poctieItial. result inrg
Ii ablst)riam ricead fluIorescenuce uhangeL's. D i - S - C, ( 5). a dyeI
wsith delouali/ed posilise charges. resptiods in ll i analogous
mnanner to inside negativec potcential.

For elcctron muicroscopy. tle. Vesicle SttSPOinSiot ( Iý 1 111
protcin Iili) wecre placed oin carboti-coa tcd pa riodion 11111 ansatd
negatiscls stained with freshly preparcd I ttrativl acetate
(I til 4.3" ). Thc specimiens werc sicsscd withi a Siemiins Hlnuiskop
10)2 clect ron miucroscope at 60I k V accelcra tinrg vo~lt gc. For~
ntaetilication calibration catalase crystals iegatively stainied
wsi th 1 LI uram rI acetatec werc uscd.

Results

C2*-ATPASI: MEi.l1tRANIE CRYSTALS

IN SA~RCO'ISsirc Rii-ricui.tN
Fig. 1. C'rystalline arrays ol'Cat-ATPasc mniocuItls in rabbit sar-
coplasrnic rcticulttrn vesicles. Saruoplasmic retictiltt r vesicles

Crystallinte arrays of' Ca 2 '~-ATPase develop upon were incuba~ted in 0. 1 \I KC1. It) mm imidazole pi 1 7.4. 5 nmt
exposure of' sarcoplasmic rctiu~luIM Vesicles to M&I. 10.5 nimi FGTA. 5 mim Na VO ait 2 C land samples
5 nmi Nit.VO, in at Ca2 

+ -ree rncdium11. at 2 0C Were takert Ior negative stainhing af'ter 4 days. Matgnification:
(Fig. 1). The Ca 2 '-ATPase crystals are uIsually ob- 239.519x

served on tile surfaice of* clongatcd tuibules which
are approximately 600 to 800 A in dianicier. The
crystal lattice consists of* chains of ATPase dimers miNaV 4 (g.2.Udrtse odton

wh ihare in register with neighboring chains, and ouwloovmnlfls-ad nadmoeie
sttrroundl the tubuiles in a right-handed helix (Tay- of K + cmoveraen a iC-adIwr ocin

[or. Mix & Martonosi, 1 983a .Peracchia ct *,Il 1) l of ignraea inside positive diffusion poten-
Tileiagonal lattice arises from .u .ampstin ta across thle vesicle membrane. Within 15 sec

The upermpostlon after dilution, Ca2 '-ATPase crystals were oh-
of the front and rear images of the collapsed cylin- served oil thle surIfitce of abIout half1 of' thle vesicles.
(lers. The lattice constants are: a = 56.34 A, h Coto=rprtos~'ic eepeeulbae
104.78 A and ;-=72.720 (Taylor et al.. 1983). ionto preparation medium, shwede essentiibally n

Under thie conditions described in Fig. I. crystalli- crsaliato K1LU 1 5,1 s1cdafter traSfoer CS~inhl 1 K- luta

/atiori of' about 2/3 of' thle vesicles requires I to maetidu otiig5miN 3  Fig 3)

Ver muh fste crstaliztio ofthe~2 Under these conditions no~ potential is expected
A~l~se as bsered fte diltio ofthe esiles to (develop, and significanit crystallization1 requiresA-mae wts osered a~erdiltionof*the esiles several hours of inlcubation withI vanadate.

preincubhated in 0.1 IS x choline chloride medittm11 These observations. tog~ether~ withi eatrlier flind-
into at med iumt containfing (1.1 5 1 K -gluttatlia t1 ii1(1 ings ( Dux & Ma rtonosi. 1983/h). establish that con-

Ivacrclta. I., Im\t & ,\. Martonosi. ('rvstaIiii/adoti (l1 itionl:. whi1ch arc expectedl to generate positive
mitrmfiltelltratlc pairticius itt rabbit .aupati rtetltii menbi. -. potential facilitate the association of'

lCS h' ý.IllIdtllC. (111y'u/'Iillhndt ATPasc molecuiles into extended crystal line a rravs.
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Fig. 3. Surfaice structure of %esicles after dilution into mlediumil
of' identical composition. Sarcoplasmini retiCUluin' Wse'icles
(10 ingni ml) %%ere pre-incubated in 0.15 %t K-g'lutainate. 10 nm~
imidazole p11 7.4. 5 owm Mt,-,.. and 0.5 inst ECiTA mnedium
for 16 hr. then diluted I 0-fold in the samec inediumn containine,

filmt Na.,VO,. Negaitie -staining %%a% completed I5 -sec after
dilution. Maenification: 102.651

Fig. 2. Rapid crystallization of Ca-ATPase molecuiles under the
influence or inside positive potential. Sarcoplasmic reticulumn
vesicles (10 nmg/ml) were prcincubated in (1.15 %t choline chlo-
ride. 10 mm imida7.ole pit 7.4. 5 inst MgCI, and 0.5 nims FGTA
for 16 hr at 2 *C. and then diluted,110-fold in 0.15si K-gluta-
mate. 10 inst imidaz'oli pl117.4. 5 tnst MtgCl, 0.5nmM E-GTA. ~2
5 nim Na.VO.L containing. mediumn. Negative staining wvas car- 24
ried out I5 see after dilution. Magtnification: 102,651I x2

50s

OXONOL VI SIGNALS IN VANADATIE-TREATED p{A0

SARCOPLASMI RETICULUM VESlICLEs
Avri:R TRANSFER FROM Cl IOLINIi CH LORIDE.
INTO K-GLUTAMATEi MEDIUM Fig. 4. Absorbanee changtes kofosonol VI upon dilution 0 Ci

The time course of thc potential changze generated lspeeulbadincon horeitoKpirae ld-
full. Sarcoplasinic reticuIlum1 %esicles (30 file protein fil) wereby transfer of vesicles from choline chloride into equilibrated osrernight at 2 O(in miedium containing 0). I5 %1 cho-

K-glutamate medium was followed by measuring line chloride. It) nm histidine f(p11 6.8). 5 nims %1S60, and
the difference absorbance of the voltage sensitive 51 jim CaCI2 . Inside positive memnbrane potentials were gcncr-

oxono at o nma ted hv diluting 4 fil a liqlkt uot' ofIiis suspension into 2 nil of'
dye oxnlVI at625 to586 n (Fig. 4). medlium containing 0.15\ti K-glutaniate. 1)) ims histidinec

Dilution of control vesicles from K-9glutamate (p1 1 6.8). 5; nisi %MitSO.. Itt pg fil oxonlol VI an1d: :50) ft CALI
into K-gluttamate media containing 50p\tM Ca (trace I): S0 sim (a~l,. 5 mm Na,,V0,) (trace 2): I ninst6 IrA
(Fig. 4 A. sample 1') increases the absorbance bv (trace 3): or I ins: 5(IA inst Na.,V( , (trace 4), -lihe diller-
athOUt 0. 14 to 0. 15 units; the absorbance change ene absorbane of oxonol VI at 625 ito 586 full \%a,, maircasr

or onrolsapls cntinig m vaadte ii an1 Amiii lco ID\V-2 p-ectrophotoinietr at 10U FIO(Ior coil r-'.
of cntrl smpls cntaiing5 m vaadae lte saricoplasmie reticuilum %esicles %\ere CquLIUiiitaCdl in K-

(sam plc 2') is significan tlv smaller. The abhsorhance Itatliaic instead of, cholinle chloride mlediumil and diluted as' k,
change tn control samples rapidly achieves af steady scribed ablose (traces 1' 4)
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76 T.J. Beeler et al.: Na.V0)4 and Membrane Potential

In Fig. 4B a similar experiment is described ex-
cept that the dilution medium contained I mM
EGTA to lower free [Ca-2'] below 10 - M. The
absorbance change observed upon transfer of vesi-
cles from choline chloride into K-glutamate medi-
um containing EGTA is much greater in the ab-
sence (Fig. 4B, sample 3) than in the presence of
5 m~m Na 3VO. (Fig. 4B. sample 4)" in both sam-
pies the difference absorption rapidly decreases
and in the presence of Na 3VO4 (sample 4) within
I to 2 min approaches the level of the correspond-
ing control (sample 4') without preimposed poten-
tial. In the absence of vanadate (sample 3) the po-
tential signal reaches a relatively steady level 2 min
after dilution, that is significantly greater than in
the control (sample 3') without pre-imposed poten-
tial. These observations imply that the signal of
oxonol VI to inside positive potential generated

Fig. 5. Disruption of Ca2 '-ATPase membrane crystals under by ion substitution is small and short-lived in the

the influence of inside negative potential. Sarcoplasmic reticu- presence of EGTA and Na3 VO,. and within 2 min
ltur vesicles (10 mg/ml) were preerystalli/ed in 0.15 %1 K-gluha- the potential is largely dissipated. Therefore condi-
mate. 10 mrt imidazole pi1 7.4. 5 m.i MgCI,. {0.5 mrl F.GTA. tions that promote the crystallization of Ca-
5 mM Na 3V0, medium at 2 °C for 16 hr. Under this condition ATPase decrease the potential response of oxonol
65 to 70%. of the vesicles show crystalline arrays (Dux & Mar-
tonosi. 1983h). Negative potential was generated by 10-lold VI to ion substitution. presumably by changing
dilution of the samples in a 0.15 %1 choline chloride containing the ion permeability of sarcoplasmic reticulum.
medium of otherwise identical composition. Magnification:
102,651 x

INFLUIENCI 01: INSIiFt NEGATIVE POITNTIAL

level that presumably reflects the binding of oxonol UPON PREFORitED CA2 -ATPASI: CRYSTALS

VI to the sarcoplasmic reticulum vesicles in the Ca2 -- ATPase crystals were formed bv incubation
absence of potential. of sarcoplasmic reticulum vesicles in a mediumn of'

Dilution of vesicles from choline chloride into 0.15 Ni K-glutamate. 10 m.\ imidazole pH 7.4.
K-glutamate medium containing 50 liM Ca2 + 5 m.l MgCI,. 0.5 mM EGTA and 5 m.nt Na 3 VV04
(Fig. 4 A, sample I). causes a much greater absorb- at 2 'C for 16 hr. About 23 of the vesicles showed
ance change (AA -0.20) due to the generation of crystalline arrays similar to those in Fig. I on at
inside positive potential; this is followed by a rapid least a portion of' their surlace. Dilution of this
decline of the optical response as the potential is suspension into a similar medium in which K-glu-
dissipated. Dilution into K-glutamate medium tamate was replaced with 0.15 \I choline chloride
containing 50 ftNi Ca and 5 mni Na 3 VO., (Fig. 4A. caused the complete disappearance of the crystal
sample 2) gave an initial absorbance change of lattice within 15 to 30 sec (Fig. 5). Substitution of
0.151 which declined to a level intermediate be- K-glhtamate with choline chloride is expected to
twcen that of samples I' and 2'. The smaller ab- produce inside negative potential and it is assumed
sorbance change observed in the presence of vana- that the conlormational change of the Ca"-
date (sample 2) may be due to at least two causes: ATPasC under the influence of this potential is re-

1. An effect of Na3VO4 onl the absorbance of sponsiblc for the disruption and disappearance of
oxonol VI, as also rellected by the difference be- the Ca 2 "-ATPase crystals.
tween the absorbance response of the two control The time course and magnitude of the potential
samples (samples F' and 2'). were measured using the voltage sensitive dye Di -

2. Na 3 VO 4 decreases the potential generated by S - C,(5) as indicator. Dilution of sarcoplasmic re-
ion substitution presumably because it changes the ticulum vesicles equilibrated in a K-glutamate me-
permeability of the membrane to ions. dium into a medium containing choline chloride

The difference between samples I and 2 cannot causes a decrease in tile difference absorbance of
be attributed to crystallization of the Ca2 + Di -S- C2 (5) at 66, ) to 700 nm in response to nc-
ATPase since 501) pM Ca2 ' completely inhibits the alive potential: this is followed by a slow return
foirmation of "a

2 '-ATPase crystals, of absorbance to near starting levels as the potcn-
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medium of Na-methanesulfonate + I Hoa valinomy- uted to crystallization of Ca 2 -ATPase since crys-
cin disrupts Ca 2 '-ATPase crystals. Therefore the tallization did not occur in media containing 50 giM
ell'ects described in Figs. I through 6 are indeed Ca2 + and all crystals were destroyed upon dilution
attributable to chaniZes in diffusion potential ac- of vesicles from K-glutanmate into choline chloride
ross the sarcoplasmic reticulum rather than to spe- media. Na 3 VO. may directly interfere with the
cific ion effects. optical response of Di- S - C.(5) or could produce

other changes in the membrane not related to crys-

Discussion tallization.
The disruption of Ca 2 +-ATPase crystals by

Two effects of ion substitutions on the rate ofcrys- negative membrane potential is probably attribut-
tallization of Ca2 '-ATPase were observed, able to an effect on the conformation of the Ca 2

1_

I. Transfer of vesicles from choline chloride ATPase that destabilizes ATPase-ATPasc interac-
into K-glutamate medium generates an inside posi- tions. Since such interactions are presumed to take
tive potential across the vesicle membrane as indi- place in the E2 conformation of the enzyme (Dux
cated by a change in the absorbance of oxonol & Martonosi, 1983a). positive potential presum-
VI. The positive transmembrane potential favors ably favors the E, conformation, while negative
the interaction between ATPase molecules with the potential would have the opposite effect.
formation of crystalline arrays of Ca 2'+-ATPase Although active Ca-12  transport generates an
in the presence of Na 3VO 4., presumably by chang- inside positive potential (Beeler, 1980; Beeler et al..
ing the disposition of Ca 2 "-ATPase in the mem- 1981). and a transient negative potential may arise
brane. Imposition of positive potential in the ab- during activated Ca 2' release (Beeler et al.. 1981 ;
sence of Na3V0 4 did not catuse significant crystalli- Vergara & Bezanilla. 1981). there is no indication
zation of Ca 2 *-ATPasc, although it inhibited the so far that these processes would be accompanied
ATPase and Ca2 + transport activities ofsarcoplas- by changes in the monomer-polymer equilibrium
mic reticulum (Beeler et al.. 1981). Therefore even of the Ca 2 ÷-ATPase.
in the absence of vanadate. transmembrane poten-
tial affects the conformation of the Ca 2 +-ATPase The work at the Uniformed Services University of the I Iealth
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